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ABSTRACT 


Several  heats  of  a  Boeing-recommended  alloy  (alloy  2 1 )  were  cast  by  Reynolds  and 
fabricated  by  Reynolds  and  Wyman-Ciordon  into  die  forgings,  hand  forgings,  plate,  and 
extrusions.  All  the  wrought  products  were  forwarded  to  Boeing  for  heat  treatment  and 
evaluation  of  mechanical,  fracture,  fatigue,  and  stress-corrosion  properties. 


Heat-treatment  studies  were  performed  on  specimens  of  from  3-in.-thick  plate  of  the  new 
alloy.  I  he  degree  of  overaging  required  to  achieve  a  25-ksi  smooth-specimen  threshold  stress 
was  determined  using  stress-corrosion  crack  growth  rate  data  from  precracked  double 
cantilever  beam  specimens.  Based  on  these  data,  a  T6  +  35  hr  at  325°F  treatment  was 
finally  selected.  Metallographic  studies  on  failed  and  unfailed  smooth  stress-corrosion 
specimens  verified  that  the  selected  heat  treatment  was  adequate  to  meet  the  stress- 
corrosion  goal. 


I  he  wrought  products  of  alloy  21  were  heat  treated  in  Boeing  production  facilities 
according  to  the  heat  treatment  selected.  Mechanical,  fracture,  and  stress-corrosion  proper¬ 
ties  for  die  forgings  of  alloy  21  and  several  other  forging  alloys  may  be  seen  in  the  following 
table. 


Alloy 

Thickness 

(in.) 

Minimum  longi- 

Longitudinal 
Kjc  range 
(ksiyOn.) 

Short-transverse  stress- 
corrosion  threshold 
( kst ) 

tudina 

1  properties 

3.57  NaC’l 

alternate 

immersion 

Industrial 

atmosphere 

F.» 

(ksi) 

0.2T  Fty 
(ksi) 

Alloy  2  1 

6.75 

69* 

60* 

30  38* 

>25* 

V 

•J 

7049-T73 

5.0 

70 

60 

30  38* 

45 

') 

X7080-T7 

6.0 

65 

57 

27  30 

25 

15 

7075-173 

3.0 

66 

56 

27  38 

>47 

>47 

7075-T73 

6.0 

61 

51 

27  38 

>47 

>47 

7I75-T736 

3.0  max 

76 

66 

27  38 

-35 

■) 

70  7  5 -T  6 

3.0  max 

75 

65 

25-32 

7 

14 

7079-16 

6.0 

72 

62 

25  32 

7 

6 

Estimated  values 


I  lie  mechanical  properties  of  allox  21  are  comparable  to  those  of  7049-T73.  The 
fracture  toughness  of  alloy  2  1  is  as  good  as  or  better  than  that  of  the  other  alloys  listed. 

I  he  smooth-specimen  short -transverse  stress-corrosion  threshold  appears  to  be  greater  than 
25  ksi.  Test  data  also  indicate  that  the  smooth  and  notched  axial  (tension-tension)  fatigue 
properties  of  alloy  21  are  comparable  to  those  of  7075- 1'0  and  7075-1  73. 
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SUCTION  I 


INTRODUCTION 


lure.  r,'n,'r  ii°7mn  '  ‘"'“"I™  strcfcorrosio"  problems  in  today’s  high-performance  struc¬ 
tures  occur  in  7000  series  alloys  such  as  7075-T6.  7  I  7X-T6.  and  particularly  7079-Tf, 

Although  the  overaged  alloy  7075-T73  offers  significant  stress-corrosion  resistance,  u*  of 

this  alloy  can  result  in  weight  penalties  because  of  its  lower  strength,  particularly  in  thick- 

section  applications.  I  ho  recently  introduced  71  75-T7T,  alloy  can  offer  good  stress- 

corrosion  resistance  and  exceptionally  high  strengths,  but  this  alloy  is  not  available  for  thick- 
section  applications. 

The  7075-type  alloys  in  thick  sections  have  low  strength  because  these  Al-Zn-Mc-Cu- 
(  r  alloys  are  highly  quench  sensitive.  Thus,  strength  properties  drop  off  rapidly  with  decreas- 
mg  quench  rale  (or  increasing  thickness).  Quench  sensitivity  can  he  reduced  by  minimizing  ' 

‘n  "1C  rCCryS,alllZ:'"on  rct;lr‘lanl-  '••hromium.  or  by  replacing  chromium 
u  recrystalltzation  retardants  such  as  manganese  and  zirconium,  which  have  less 
e  lect  on  quench  sensitivity  ( I  .2.3.4).  Reductions  in  copper  content  decrease  quench 
sensitivity  (  5).  hut  may  also  decrease  stress-corrosion  resistance.  Reductions  in  magnesium 
and  zinc  content  decrease  quench  sensitivity  ( 2).  but  also  lower  strength  properties. 

;'"°y'  *708°,'T7'  WaS  llevel°fei1  to  Provide  stress-corrosion  resistance  and 
good  thick-section  mechanical  properties.  This  alloy,  by  virtue  of  low  copper  content  and 
cplacenient  ol  chromium  with  manganese,  maintained  attractive  mechanical  properties  in 
ck  sections  even  though  it  was  boiling  water  quenchable.  The  boiling  water  quench  was 
particularly  uselul  in  minimizing  residual  quenching  stresses  and  subsequent  distortion 
<  unng  tnachinrng.  This  alloy  also  showed  adequate  stress-corrosion  resistance  when  tested 
by  -t.5  -  Nat.  I  alternate  immersion,  having  a  short-transverse  threshold  stress  of  25  ksi 

r,1.3nn»  °“kl00r  indl'S,ri!"  enWr0nnlen,s-  however-  show«l  that  stress-corrosion 

lailu res  in  shin  -transverse  specimens  occurred  at  stresses  as  low  as  15  ksi  (61.  Since  those 

results  were  published,  less  interest  has  been  shown  in  X7080-T7  for  thick-section  forging 


Work  aimed  at  developing  a  high-strength,  thick-section  allov  with  adequate  stress- 
coriosioii  resistance  has  continued  at  Alcoa.  Reynolds.  Kaiser,  and  Hoeing. 

the  res'll,  !!r"’S  Pr0,!ri"”  rCPOrtal  l,crc  is  l,as°l1  011  alloy  composition  recommended  as 

ircon  ns  710,1’ l‘l  ™  W°  °n  ",C  cl'r°cts  of  silvi;r-  h01™-  cerium,  yttrium,  and 

z  con,  1,1,  15.7)  on  stress-corrosion  resistance,  flic  nominal  composition  of  the  recommended 

alloy  designated  alloy  2  I  I  is  shown  Table  I .  The  nominal  composition  and  composition 

range  lor  alloy  .1  are  plotted  m  lug.  I.  Alloy  21  is  essentially  a  7075-7178-type  alloy  that 

contains  low  copper  and  in  which  zirconium  and  manganese  replace  chromium  Several 

ingots  o  this  alloy  were  cast  by  Reynolds  Metals  Company  and  were  fabricated  into  hand 

i  d  die  lorgings.  extrusions,  and  plate  by  Reynolds  and  W’yman-Gordon.  The  material  was 

V  10  l,0t::np  lor  il0:l1  'rualraent  and  evaluation.  The  stated  contract  objective  for  this 

alloy  was.  .  .  .a  minimum  tensile  yield  stress  of  70.000  psi.  a  minimum  short  transverse 


Table  1.  Chemical  Compositions  of  Thick-Section  Experimental  and  Commercial  Altovs 
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'lints  and  was  not  quantitatively  measured 


MAGNESIUM  (WEIGHTS 


ZINC  (WEIGHT  %) 


A.  Magnesium-Zinc  Plot 


figure  I.  (  hemical  Compositions  of  Thick-Section  Experimental  and  Commercial  Alloys 
in  Relation  to  707V,  707 \  7 1  7S,  anti  7001 
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COPPER  (WEIGHT  %) 


B.  Magnesium-Copper  Plot 

Figure  /.  Continued 
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stress-corrosion  threshold  stress  of  25,000  psi,  good  toughness  and  fatigue  properties,  and  a 
quench  sensitivity  such  that  the  properties  can  he  maintained  in  thick  piate  and  forgings.” 

Although  minimum  property  goals  for  thick  sections  have  been  lowered  in  the  more 
recent  Alcoa  and  Reynolds  contracts  (8,0),  these  contracts  are  nevertheless  aimed  at  the 
same  goal  as  the  Boeing  program.  The  stated  objective  for  the  Alcoa  and  Reynolds  programs 
is:  “.  .  .the  development  of  a  high-strength,  general  purpose  forging  aluminum  alloy.  The 
alloy  shall  be  capable  of  production  using  presently  available  commercial  processes  and 
heat  treatments,  and  it  shall  have  the  following  properties  (minimum  values,  not  typical 
values): 

1.  A  minimum  longitudinal  0.2r7  yield  stress  of  72,000  psi  in  3-in.  thick  plate. 

2.  A  minimum  longitudinal  0.2'r  yield  stress  of  63,000  psi  in  8-in.  thick  forgings. 

3.  A  minimum  short  transverse  stress-corrosion  threshold  stress  of  25,000  psi  (as 

measured  in  alternate  immersion  salt  solution  tests). 

4.  A  minimum  toughness,  K|c,  of  35,000  psi  ^/TiT 

5.  A  minimum  fatigue  strength  equal  to  that  of  7075-T6.” 

The  Reynolds  approach  is  to  utilize  a  base  composition  very  similar  to  the  Boeing  alloy 
but  with  just  slightly  higher  zinc  content  and  lower  iron  and  silicon  contents  (Table  1  and 
Fig.  I).  Manganese,  zirconium,  and  chromium  additions  are  beine  studied  by  Reynolds 
(0,10). 

Alcoa  is  investigating  a  much  broader  range  of  zinc  and  magnesium  contents,  and  most 
of  the  Alcoa  alloys  contain  medium  to  high  copper  (Table  I  and  Fig.  I ).  Vanadium,  zirco¬ 
nium,  manganese,  nickel,  and  chromium  additions  are  being  studied  by  Alcoa  (8.1  1,1  2,13,14, 
15). 


Kaiser  ( 16)  has  recently  introduced  another  candidate  for  the  thick-section  alloy  mar¬ 
ket  designated  7049-T73  (Tabk  1  and  Fig.  I).  This  alloy  has  high  zinc  content,  medium 
copper  content,  and  chromium  additions. 

The  current  Boeing  program  on  alloy  2  I  was  divided  into  three  phases.  In  Phase  I  the 
effects  of  quench  rate  and  room-temperature  delay  time  before  artificial  aging  were  investi¬ 
gated  to  select  a  room-temperature  delay  time  for  use  in  subsequent  work.  In  Phase  II  the 
effect  of  quench  rate  and  degree  of  overaging  on  mechanical  properties  and  stress-corrosion 
resistance  were  studied  to  select  the  final  heat  treatment  for  hand  and  die  forgings,  extru¬ 
sions,  and  plate.  All  wrought  products  were  then  heat  treated  in  Boeing  production  facilities 
using  the  selected  heat  treatment.  In  Phase  III  the  mechanical,  fracture,  fatigue,  and  stress- 
corrosion  properties  of  the  alloy  were  determined. 

Because  of  the  similar  objectives  of  the  Boeing,  Reynolds,  and  Alcoa  contracts,  avail¬ 
able  information  on  all  these  programs  is  presented  in  this  report.  In  addition,  some  com¬ 
parisons  are  made  with  data  reported  by  Alcoa  under  Contract  N0001 9-68-C-OI 46  (6).  This 
contract  was  also  aimed  at  the  development  of  high-strength,  stress-corrosion-resistant 
aluminum  alloys.  Data  for  X7080-T7  (17,18),  7049-T73  ( 1 6,19),  and  71 75-T736  (20,2 1 ) 
are  also  compared.  Based  on  these  data,  some  perspective  on  the  mechanical  properties  of 
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SHCTION  II 


HXPFRI.MFNTAL  MATF.  RIALS 


1.  CASTING 

All  plate,  forging,  anti  extrusion  ingots  of  alloy  21  were  east  in  the  experimental 
loundry.  Metallurgical  Research  Division,  Reynolds  Metal  Company.  Richmond.  Virginia. 

1  he  Reynolds  patented  Controlled  Cooling  casting  process,  used  at  their  Massena  plant  to 
cast  forging  quality  ingots,  was  employed. 

The  metal  was  melted  in  a  2.000-lb-capacity,  gas-fired,  open-hearth  furnace.  All  melts 
were  chlorine  fluxed  for  approximately  I  hr  until  the  Straube-Pfeiffer  vacuum  gas  sample 
showed  no  bubbles.  The  molten  metal  was  laundered  to  the  casting  station  through  a  pre¬ 
heated  alumina  ball  filter  to  remove  nonmetallic  inclusions.  A  final  chemical  analysis  button 
was  taken  halfway  through  each  cast.  The  ingot  analyses  are  shown  in  Table  2. 

After  casting,  the  ingots  were  stress  relieved  at  650° F  for  lb  hr  and  subsequently 
homogenized  for  24  hr  at  <S70°  to  880°F.  bach  ingot  was  checked  ultrasonically  for  cracks 
or  other  defects.  Metallographic  studies  of  the  ingots  showed  them  to  be  of  sound  quality, 
with  a  uniform  cast  grain  si/e  of  about  0.002  to  0.004  in.  Some  porosity  and  zirconium- 
bearing  intermetallics  were  present  (Fig.  2). 

2.  FABRICATION 

Two  14-in.-diam  ingots  (one  28  in.  long  and  the  other  45  in.  long)  and  three  b-in.-diam, 
bO-in.  long  ingots  were  shipped  to  Reynolds’s  Phoenix  extrusion  plant  for  processing  accord¬ 
ing  to  the  standard  practice  for  7178.  Prior  to  extrusion,  the  ingots  were  scalped  and  soaked 
48  hr  at  solution  temperature.  Figure  3  shows  the  extruded  products  produced. 

Two  1 4-in. -diam,  bO-in. -long  forging  ingots  were  scalped  to  13  in.  and  then  sent  to 
Wyman-Gordon,  Worcester.  Massachusetts,  for  die  and  hand  forging  fabrication.  Figures  4 
and  5  show  the  landing  gear  and  Navajo  die  forging  configurations,  respectively.  Figure  b 
is  a  schematic  representation  of  the  hand  forging  configurations  produced.  Details  of 
Wyman-Gordon’s  processing  of  the  die  and  hand  forgings  are  listed  in  Table  22.  Appendix  I. 

Two  8-in.  by  24-in.  by  bO-in.  plate  ingots  were  scalped  to  7-in.  thickness  and  sent  to 
Reynolds’s  McCook  plant  for  rolling  according  to  standard  rolling  practice  for  7178. 

Figure  7  illustrates  the  plate  products  produced. 

All  final  fabricated  materials,  including  an  extra  I  3-in. -diam.  19-in. -long  scalped  ingot 
were  shipped  to  Boeing  foi  evaluation. 
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A.  NEAR  SURFACE,  UNETCHED 


B.  NEAR  CENTER,  UNETCHED 


.  k 


C.  NEAR  SURFACE,  ETCHED  D.  NEAR  CENTER,  ETCHED 


Figure  2.  Microstnu  Hire  2  ear  Surface  and  Center  of  14-lncli-Diameter  Homogenized 
and  Annealed  Ingot  of  Alloy  21  (200X).  Xote  Porosity  in  A  and  II  and  the 
Large,  Gray,  Zirconium-Bearing  IntermeiaUie  Particles  in  C  and  D.  There  Is  Little 
Difference  in  Grain  Size  from  Surface  to  Center  of  the  Ingot. 


ANGLE  (0.1  x  0.1  IN.  x  140  FT) 


ANGLE  (0.25  x  0.25  IN.  X  84  FT) 


BAR  (1  x  1  IN.  x  40  FT) 


1'iyure  .V.  Shapes  and  Dimensions  of  Alloy  21  Extrusions 


Figure  4.  Landing  Gear  Die  Forging  of  Alloy 
by  JJ  Inches  Long  (Three  Each). 


1.  The  Forging  Is  6.  75  Inches  in  Diameter 

I 


Figure  5.  Top  and  Bottom  of  Navajo  Die  lunging  of  1  Hoy  2  / .  The  Forging  Is  55  Inches  L< 
and  Ranges  in  Thickness  from  0.  o2  to  4  Inches  ( Three  Each ).  " 


ig 
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6  x  10  x  45  IN.  6  x  9.5  x  30  IN. 

(ONE  EACH)  (ONE  EACH) 


Figure  6.  Shapes  and  Dimensions  oj  Alloy  2/  Hand  Forgings 
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3  x  20  x  43-IN.  3  x  18  x  18-IN. 

(TWO  EACH)  (ONE  EACH) 


Figure  7.  Shapes  and  Dimensions  of  Alloy  21  Plates 
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section  in 


St  LI  (  NON  OF  NIL  HHAT  TREATMENT!  I  OR  \LLOY  21 


PH ASK  I 


a. 


t  fleet  of  Quench  Rate  and  Room-Temperature  Delay  Time  on  Mechanical  Properties 


Since is  known  that  quench  rate  and  room-temperature  delay  time  between  quench¬ 
ing  and  artificial  aging  can  have  a  significant  effect  on  mechanical  properties,  these  variables 
were  studied  first.  Material  from  Oin.-thick  plate  of  alloy  2  I  was  used  for  this  study. 

An  outline  of  the  heat-treatment  schedule  to  evaluate  the  effects  of  quench  rate  and 
room-temperature  delay  time  is  shown  in  log.  <S.  To  achieve  the  different  quench  rates,  the 
block  sizes  and  quenching  conditions  of  Hkington  and  i  urner  f  22 )  were  used,  as  shown  in 
fable  3.  After  a  prior  Tb  treatment  <  24  hr  at  250°F).  all  blanks  were  overaged  at  320°  to 
3_5  F  to  an  electrical  conductivity  of  38'  f  ACS.  This  was  done  to  ensure  that  the  mechan¬ 
ical  properties  to  be  determined  would  be  representative  of  material  that  had  been  sufficiently 
overaged  to  provide  fairly  high  stress-corrosion  resistance  ( 7075-T73  has  an  electrical  con¬ 
ductivity  of  3  SC  to  42  ,  I  ACS).  Hardness  and  electrical  conductivity  data  w'ere  obtained  on 
the  variously  quenched  blanks  as  a  function  of  aging  time  at  320°  to  325°F  by  removing 
the  blanks  from  the  furnace  after  each  b  to  8  hr  of  aging.  These  data  are  plotted  in  Fig.  9 
and  listed  in  fables  23  anil  24.  \ppendix  I. 

The  reason  for  the  slight  irregularity  in  hardness  at  3b  hr  (Fig.  <)A)  is  not  clear.  Figure 
9B  shows  that  a  total  of  4b  hr  of  overaging  after  the  Tb  treatment  was  required  in  the  most 
slowly  quenched  blanks  to  achieve  38'7  I  ACS.  For  the  more  rapidly  quenched  blanks,  a 
total  ol  54  hr  of  overaging  was  required  to  reach  38','  IACS.  This  behavior  is  quite  different 
trom  that  ot  7075-Tb.  in  which  an  electrical  conductivity  of  380  to  42  is  reached  after 
only  about  24  to  30  hr  ot  overaging  at  325  'F.  To  determine  the  effect  of  I0°F  and  30°F 
increases  in  aging  temperature  on  aging  behavior,  additional  aging  data  at  320°F,  330°F.  and 
350  F  were  obtained.  These  results  are  shown  in  Fig.  10.  Fven  at  350°F.  13  hr  are  required 
to  reach  an  electrical  conductivity  of  380  IACS.  For  7075.  only  about  b  to  8  hr  at  350°F 
after  a  prior  Tb  treatment  are  required  to  reach  3 SC  IACS. 

The  short-transverse  mechanical-property  data  obtained  from  the  blanks  heat-treated 
m  Phase  I  are  listed  in  Table  25,  Appendix  I.  and  plotted  in  Fig.  I  I.  The  results  show  that 
room-temperature  delay  time  had  very  little  effect  on  mechanical  properties.  The  effect  of 
quench  rate  on  mechanical  properties  was  as  expected,  with  strength  being  highest  for  the 
most  rapid  quench  rate  ( !80°F/sec).  Elongation  and  reduction  in  area  values  were  signifi¬ 
cantly  higher  for  the  most  rapid  quench  condition. 

b.  Effect  of  Quench  Rate  on  Ductility 

The  difference  in  elongation  and  reduction  in  area  for  the  variously  quenched  speci¬ 
mens  was  also  evident  from  an  examination  of  the  fractured  tension  specimens.  Specimens 
from  the  slowly  quenched  blanks  had  macroseopically  flat  fractures  normal  to  the  tensile 
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Figure  S 


QUENCH  RATES 


R  8  HR  5  DAYS  11  DAYS 

I  I  » 

AGE  24  HR  AT  250°F  +  TIME  AT  320°F  UNTIL 
ELECTRICAL  CONDUCTIVITY  OF  38%  IACS 
IS  ACHIEVED 


MECHANICAL  PROPERTIES 


OPTIMUM  ROOM  TEMPERATURE  DELAY 
FOR  EACH  QUENCH  RATE 


Outline  for  Phase  /  of  the  Heat-Treat  Schedule  to  Evaluate  the  Effects  of  Quench 
Rate  and  Room-Temperature  Delay  Time  on  Mechanical  Properties  of  Alloy  2! 
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Tahl<’  ^/ock  Sizes  and  Quenching  Conditions  for  Achieving 
( /'mm  /set.  22) 


I  urioits  Quench  Rates  a 
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CONDUCTIVITY  {%  IACS)  HARDNESS  (R 


/  igurc  V.  Effect  of  Quench  Rate  and  Aging  Time  on  Hardness  (A )  and  Electrical  Con¬ 
ductivity  (B)  of  Alloy  21  after  7V>  Treatment  (24  Hr  at  250°T') 
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CONDUCTIVITY  (%  I  ACS) 


(A) 


(B) 


Figure  It)  Effect  of  Aging  Temperature  and  Time  on  Hardness  (A )  and  Electrical  Con¬ 
ductivity  (B)  of  Alloy  21  after  To  Treatment  (24  Hr  at  250°  E) 
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/  igure  1 1 .  Effect  of  Quench  Rate  and  Room-Temperature  Delay  Time  on  Short-Transverse 
Mechanical  Properties  of  Alloy  21 


A,  H,  T'S  rapKlly  ql"-‘nched  specimens  showed  45°  shear  fractures  (Fig  I  ->) 

Add  tion.il  optical  and  electron  microscopy  studies  on  failed  tension  specimens  from  the 

,  ■  |  qi";"L’hC<  bh,nks  sbowcd  ;l  tendency  toward  intergranular  fracture  (Fig.  11)  with  a 

InUi  density  ol  mtermetallic  particles  present  on  the  fracture  face  I  Fig.  14).  These  particles 

ZZ : m1-  T  rm>  °,h"  inters 

par  hclcs  a  so  payed  a  role  in  initiating  fracture  in  these  specimens  I  Fig.  IS)  but  there  is  no 
evidence  that  these  larger  in termetallics  did  not  also  aid  in  initiating  fracture  in  the  more 
rapidly  quenched  material.  F raptures  in  specimens  from  the  more  rapidly  quenched  blanks 
were  more  transgranular  (  Fig.  I  and  fractography  of  these  specimens  showed 'both  truns- 
granular  and  intergranular  dimples  and  brittle  intergranular  fracture  (Fig.  17). 

An  additional  and  less  frequently  observed  type  of  intermetallic  particle  noted  in  ten¬ 
sion  specimens  Irom  blanks  quenched  at  all  rates  is  shown  in  Fig.  18,  Microprobe  analysis  of 
iese  panicle;  (Table  4)  showed  them  to  have  a  composition  approximating  that  of  ZrAI, 

.  ehtved  these  particles  are  the  same  as  those  shown  in  the  etched  micrographs  of  the3 
14-t n.-dum  as-cast  and  homogenized  ingot  shown  in  Fig.  2.  Although  these  intermetallic 
panic  es  had  no  noticeable  effect  on  the  properties  of  alloy  2 1 .  they  are“  rlainly  no. 

intennetamc.s  C'""n'  t0d’n°lo?y  could  ‘"'doubteclly  eliminate  the  occurrence  of  these 

at  "’‘"‘’S?1’1”  fr0m  age<i  blanks  of  alloy  2  1  tba‘  bad  been  quenched 

at  F/sec  anc.  180  F/sec  were  similar  except  lor  a  higher  density  of  large  rod-shaped  particles 

m  ,he  ^  Quenched  material  (Fig.  I  9).  These  larger  particles  may  be  the  same  ones  ?ha, 

appear  as  small  dots  on  the  micrographs  of  the  slowly  quenched,  unetched  material  in  Fig 

15  Such  particles  may  be  responsible  for  the  darker  etching  response  of  the  slowly  quenched 

a  enal  compared  with  that  of  (he  more  rapidly  quenched  material  (Figs.  13  and  6) 

unsuccessful. lden,"y  "  Pha,e  ^  'ranSmiSSi°"  eleCtr°"  techniques  were 


2.  PHASE  11 

a.  Effect  of  Quench  Rate  and  Overaging  Time  on  Mechanical  Properties 

After  it  was  determined  that  room-temperature  delay  time  between  quenching  and 

ro  ll'h'1  TB  r'  "tlC  effect  °"  mecbanical  properties  (Fig.  1 1 ).  a  study  was  conducted 

and  at  die  s  trea,ment  '°r  alioy  2  1  ,hat  woukl  Provide  the  highest  mechanical  properties 
..  same  [lme  "tee*  the  stress-corrosion  goal  of  the  contract.  In  particular  the  degree 

ol  averaging  was  to  he  selected  on  the  basis  of  stress-corrosion  crack  growth  rate  data'  tha7 
is  die  strength  ol  alloy  2  I  was  ,o  be  governed  by  die  amount  of  ove,  ic^  eq  re  0 
achieve  the  stress-corrosion  resistance  goal.  required  to 

F°t  t'lis  s,lld>''  blanks  from  3-in.-thick  plate  of  alloy  2  I  were  machined  and  quenched 
t  four  different  rates.  These  blanks  were  for  short-transverse  tension  and  ten  ion  stres 
cor  osion  specimens  and  for  double  cantilever  beam  stress-corrosion  specimens  which  will 

iscussec  a  ter  quenching,  all  blanks  were  aged  at  room  temperature  for  I  hr  then 

aged  to  the  7 6  temper  ( ~)4  hr  at  "* Sf)°Ft  Thp  Ki  min.  F  nr,  men 

at  either  l^F  or  St  ,  '  T"  bljnks  werc  then  -elven  a  >*«>nd  aging  treatment 

either  .5  For  350  I-  tor  various  tunes.  This  heat-trealment  schedule  is  shown  in  Fie  an 
along  with  the  outlined  test  program  for  Phase  11.  S-  -  , 


t  *' 


SPECIMEN  1A 

3-  X  2-1'2-  X  1- 1/4- IN.  BLANK 
21 2°F  WATER  QUENCH 
(9°F/SEC  QUENCH  RATE) 


SPECIMEN  59 
3-  X  5/8-  X  5/8-IN.  BLANK 
140°F  WATER  QUENCH 
(180°F/SEC  QUENCH  RATE) 


figure  12.  fracture  Pro  files  of  Short-Transverse  Tension  Specimens  from  Quenched 
Thinks  of  I  llov  21.  Slowly  Quenched  Specimen  I A  Exhibited  fitter 
True  ture  and  lower  Ductility  Than  More  Rapidly  Quenched  Specimen  59. 


Figure  13.  Fracture  Profile  of  Tension  Specimen  I A  (Shown  in  Figure  12),  Illustrating  a 
Tendency  toward  Intergranular  Fracture.  Keller’s  Etchant  ( 200X) 
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21 


Typical  Electron  T'ractographs  of  Tension  Specimen  5*)  (Shown  in  Tig  are  12). 
Tract  lire  Features  on  This  Specimen  Showed  Small  and  Targe  Transgranular 
Dimples  ( A  and  II),  Intergranular  Dimples  ( C '),  and  Intergranular  TTacture  ( D) 
(hi  00  X  ). 
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Figure  IS.  Typical  Zirconium-Hearing  Inlennelallic  Particles  Observed  in  Wrought  Products 
of  Alloy  21.  Unetched  ( 500X). 
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Jtihlc  4.  /  lectron  Microprobe  Anal)  sis  of  Intennetallic  Particles  Observed  in  Alloy  21 


r 

Zn 

Mg 

Cu 

Fc 

Si 

Mn 

Zr 

Al 

Total 

Part  i  cl  o 

2.20 

0.4<S 

0.l‘) 

l.9| 

N.D.* 

N.D.* 

42.51 

54.93 

102.18 

M;it  1 1\ 

7.1  1 

2.20 

0.91 

0.01 

N.D  * 

0.0(i 

0.08 

9 1 .60 
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A.  SPECIMEN  1 A 


B.  SPECIMEN  59 


Typical  Transmission  Electron  \li(  royranhs  o 
(Shown  in  Tigttre  12).  Sole  the  I  ary:  Rod- 
Slowl \  Oncnched  Material  (  \)  ( 12 Jton\  ) 


The  effects  on  hardness  of  quench  rate  and  of  aping  time  at  325°F  and  350°F  after  a 
prior  T6  treatment  are  shown  in  Figs.  21  and  22.  As  expected,  hardness  decreased  with 
decreasing  cooling  rate.  The  effects  on  short-transverse  yield  strength  and  elongation  of 
quench  rate  and  of  aging  time  at  325°F  and  350°F  after  a  prior  T6  treatment  may  be  seen 
1  1  Figs.  23  and  24.  The  general  trend  toward  decreased  elongation  as  quench  rate  decreases, 
noticeable  in  Figs.  23  and  24,  was  also  observed  during  the  Phase  I  study  on  the  effect  of 
room-temperature  delay  times  on  mechanical  properties  (Fig.  I  I).  Hardness  and  mechanical- 
property  data  for  this  study  are  tabulated  in  Table  26.  Appendix  II. 

Note  in  I  igs.  23  and  24  that  the  most  rapid  quench  rate.  500°F/sec,  generally  resulted 
in  lower  yield  strength  than  the  100UF  sec  quench  rate.  This  was  certainly  not  expected, 
and  the  data  points  for  the  500°F/sec  quench  were  considered  suspect.  To  check  that 
possibility,  hardness  data  obtained  on  the  original  tension  specimen  blanks  were  plotted 
against  the  yield  strength  data  for  all  Phase  II  tension  specimens.  This  plot,  shown  in  Fig.  25, 
indicates  that  the  tensile  properties  in  question  are  probably  in  error.  An  upward  correction 
was  made  in  the  yield  strength  of  the  specimens  quenched  at  500°F/sec,  based  on  Fig.  25. 
These  adjusted  data  are  also  plotted  in  Figs.  23  and  24.  The  reason  for  the  low  yield  strengths 
of  the  most  rapidly  quenched  specimens  is  not  clear.  It  is  possible  that  these  specimens, 
machined  as  a  batch  and  at  a  different  time  than  the  other  specimens,  were  overheated  dur¬ 
ing  machining. 

The  temperature  selected  for  the  second  step  of  the  two-step  aging  treatment  of  alloy 
21  was  325°F  rather  than  350°F  because  overaging  kinetics  are  slower  at  325°F.  (The  more 
rapid  rate  of  overaging  at  350°F  would  make  furnace  times  during  aging  more  critical  and 
would  require  much  closer  furnace  control  during  the  aging  cycle.)  Thus,  the  short-transverse 
mechanical  properties  for  any  given  quench  rate  and  degree  of  overaging  of  alloy  2 1  may  be 
determined  from  Fig.  23. 

b.  Effect  of  Quench  Rate  and  Overaging  Time  on  Stress-Corrosion  Crack  Growth  Rate 

Properties 

To  obtain  stress-corrosion  crack  growth  rate  data  for  alloy  2 1  as  a  function  of  heat 
treatment,  bolt-loaded  double  cantilever  beam  (DCB)  specimens  were  used.  The  configura¬ 
tion  of  the  DCB  specimen  used  in  this  study  is  shown  in  Fig.  26.  The  DCB  specimens  were 
machined  from  the  center  of  the  3-in. -thick  plate  material  of  alloy  21.  The  longitudinal 
direction  of  the  DCB  specimen  was  taken  in  the  plate  rolling  direction.  Notch  orientation 
in  these  specimens  was  such  that  the  cracks  propagated  along  the  midplane  of  the  original 
plate  (short-transverse  loading). 

Stress  intensities  for  this  DCB  specimen  can  be  calculated  using  a  curve  of  compliance 
versus  crack  length  and  Eqs.  ( I )  and  (2)  (from  Ref.  23): 


,,  _  P2  dc 
2b  da 


(I) 


K,  =y/GE 
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figure  21. 


Effects  of  Quench  Rale  and  Aging  Time  at  225°  Fan  Hardness 
Spec, men  Blanks  from  3-Inch-Thick  Elate  Evaluated  in  Phase  II 


of  Tension 
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h flirts  of  Quench  Rare  and  Aging  lime  at  J25°Fon  Short-Transverse  Yield 
Strength  of  d-Ineh-Thiek  Hate  Evaluated  in  Phase  11 


SHORT-TRANSVERSE  YIELD  STRENGTH  (KSI) 


AGING  AT  350° F  (HR) 


Figure  24.  Effects  of  Quench  Rate  and  Aging  Time  at  350° F  on  Short-Transverse  Yield 
Strength  of  3-Inch-Thick  Plate  Evaluated  in  Phase  II 


ELONGATION  (%  IN  1  IN.) 


Figure  26.  Double  Cantilever  Beam  Specimen  Used  to  Determine  Stress-Corrosion  Crack 
Growth  Rates  as  a  Function  of  Heat  Treatment  in  Phase  If  Evaluation 
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where:  G  =  crack  extension  force  or  strain  energy  release  rate 

P  =  load 

b  =  specimen  thickness 

c  =  specimen  compliance  (reciprocal  stiffness)  when  the  crack  length  is  a 
a  =  crack  length  measured  from  load  point  (centerline  of  loading  bolt) 

E  =  modulus  of  elasticity  ( 1 0.3  x  1 06  for  aluminum  alloys) 

Or,  an  approximate  analytical  expression  for  compliance  as  a  function  of  crack  length 
can  be  obtained  using  beam  theory.  However,  Mostovoy,  Crosley,  and  Ripling  (24),  by  per¬ 
forming  experimental  measurements  of  compliance  on  uniform  DCB  specimens,  showed 
that  in  addition  to  the  bending  and  shear  deflections  that  may  be  calculated  from  beam 
theory,  some  deflection  also  occurs  because  of  rotations  at  the  assumed  built-in  end  of  the 
beam.  By  treating  this  contribution  to  compliance  as  an  increase  in  crack  length,  Mostovoy 
et  al.  (24)  arrived  at  the  following  expression  for  compliance: 


**  •jo 

c  =  Tli  *a  +  ao^  +  h“a 

where:  1  =  moment  of  inertia  of  one  of  the  arms  =  bh^/12 

aQ  =  an  empirical  rotation  correction  equal  to  0.6h 
h  =  1/2  specimen  height 


(3) 


They  determined  the  value  of  aQ  to  be  approximately  0.6h  from  calibration  bars  of 
heights  from  4  to  1/2  in.  over  10  in.  of  effective  crack  length.  By  differentiating  Eq.  (3) 
with  respect  to  a,  substituting  into  Eqs.  ( I )  and  (2),  and  noting  that 


P=7  (4) 

where  v  is  the  total  deflection  of  the  two  arms  of  the  DCB  specimen  at  the  load  point,  the 
following  expression  for  K|  was  derived: 


^  _  vEh  [3h  (a  +  0.6h)~  +  fr 
1  4  [(a  +  0.6h)3  +  h“a] 


To  perform  a  stress-corrosion  test  using  bolt-loaded  specimens,  the  loading  bolt  is 
turned  until  a  crack  is  introduced  at  the  end  of  the  machined  notch.  For  fixed  displacement 
conditions  at  the  bolt,  Kj  decreases  rapidly  as  crack  length  increases  (Fig.  27).  Thus,  the 
initial  pop-in  crack  runs  only  a  very  short  distance  before  arresting.  By  measuring  the  crack 
lengths  and  corresponding  v  values  for  subsequent  pop-ins,  a  series  of  Kjc  values  can  be 
calculated  using  Eq.  (5).  Hoagland  has  used  a  similar  specimen  with  Instron  loading  to 
obtain  many  KJc  data  points  from  a  single  DCB  specimen  (25).  For  some  alloys,  crack 
advance  during  pop-in  is  extremely  short.  Thus,  the  stress  intensity  at  the  crack  tip  is  almost 
continuously  at  K|c  during  crack  advancement  by  pop-in.  For  these  alloys,  a  crack  length 
and  v  reading  at  any  point  during  crack  advance  by  bolt  loading  will  give  a  Kjc  value. 
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Figure  27.  Effect  of  Crack  Growth  on  Load  and  Stress  Intensity  under  Constant  Crack 
Opening  Displacement  Conditions  ( v  -  0.010  Inch)  in  a  I-  by  I-  by  5-Inch 
Aluminum-Alloy  DCB  Specimen  (From  Ref  26) 
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A  ter  the  crack  has  been  advanced  about  0. 1  in.  beyond  the  end  of  the  machined  notch 
by  bolt  loading,  the  bolt  end  of  the  specimen  is  masked  with  a  vinyl  coating  to  prevent  any 
galvanic  action.  The  specimen  is  then  placed  in  the  test  environment.  The  environment  used 
in  this  study  consisted  of  the  intermittent  application  of  several  drops  of  a  3.5%  NaCl  solu¬ 
tion  to  the  machined  notch  of  the  specimen.  The  notch  serves  as  the  reservoir  for  the  NaCl 
solution,  which  is  applied  three  times  each  working  day  at  4-  hr  intervals.  Crack  length  and 
time  are  monitored  and  a  curve  of  crack  length  versus  time  is  prepared.  The  slopes  of  the 
curve  at  different  crack  lengths  provide  crack  growth  rate  data  as  a  function  of  Ki.  The 
crack  length  at  which  growth  ceases  (if  this  occurs)  is  then  used  to  calculate  Ki  The  pro- 
cedure  is  illustrated  schematically  in  Fig.  27.  The  bolt  loaded  DCB  specimen  and'the  outlined 
technique  have  been  used  by  one  of  the  authors  in  a  number  of  studies  on  stress-corrosion 
cracking  in  high-strength  aluminum  alloys  (26,  27,  28,  29,  30,  3 1 ). 


A  summary  of  the  crack  growth  rate  data  obtained  for  several  aluminum  alloys  using 
this  specimen  (26)  is  shown  in  Fig.  28.  Note  the  exceptionally  rapid  growth  rates  for 
7079-T65 1  at  the  higher  Kj  levels.  The  outstanding  attribute  of  this  technique  is  simplicity. 
All  that  is  needed  are  the  DCB  specimen,  a  bolt,  a  wrench,  calipers  to  measure  deflection, 
and  a  scale  and  hand  lens  to  measure  crack  lengths. 


The  Kj-rate  data  for  the  different  quench  rates  and  aging  treatments  for  alloy  21  are 

shown  in  Figs.  29,  30,  31,  and  32  Generally,  as  aging  time  at  325°F  or  350°F  increases 
crack  growth  rates  decrease. 


For  the  specimens  quenched  in  i  40°F  or  2 1  2°F  water,  the  maximum  stress-corrosion 
crack  growth  rates  for  each  amount  of  overaging  at  325°F  and  350°F  are  plotted  in  Figs. 

33  and  34.  For  comparison,  the  maximum  growth  rates  obtained  (from  Ref.  26)  for 
X7080-T7,  7 1 78-T76,  7 1 75-T736,  AZ74.6I,  7049-T73,  and  7075-T73  are  indicated  along 
the  ordinate.  Based  on  the  data  in  Fig.  33,  an  aging  time  of  35  hr  at  325°F  was  selected  for 
the  second  step  of  the  two-step  aging  treatment  for  alloy  2 1 .  It  was  expected  that  this 
amount  of  overaging  would  give  stress-corrosion  resistance  comparable  to  that  of  7 1  78-T76 
and  7 1 75-T736  and  better  than  that  of  X7080-T7. 


The  alloy  X7080-T7  is  a  low-copper,  chromium-free  alloy  which  in  this  regard  is  similar 
to  alloy  21.  It  was  considered  essential  to  overage  alloy  21  sufficiently  to  achieve  a  maximum 
stress-corrosion  crack  growth  rate  less  than  that  of  X7080-T7  because  it  is  well  known  that 
low-copper-content  alloys  in  general  and  the  low-copper-content,  chromium-free  X7080-T7 
in  particular  exhibit  lower  smooth-specimen  threshold  stresses  in  an  industrial  environment 
than  in  an  alternate-immersion  environment.  For  example,  X7080-T7  has  a  smooth-specimen 
threshold  stress  of  25  ksi  in  an  alternate-immersion  environment,  but  of  only  15  ksi  in  an 
inland  industrial  atmosphere  (6).  Even  7075  in  the  susceptible  T6  temper  has  a  short-transverse 
threshold  stress  of  as  much  as  14  ksi  in  an  inland  industrial  atmosphere  (32).  Thus,  to  avoid, 
if  possible,  a  low  smooth-specimen  threshold  stress  in  industrial  environments,  alloy  21  was 

overaged  enough  to  ensure  a  maximum  crack  growth  rate  lower  than  that  of  the  chemically 
similar  X7080-T7. 


Selection  of  the  35  hr  at  325  F  treatment  for  the  second  step  of  the  two-step  aging 
treatment  was  made  after  only  two  weeks  of  testing.  This  amount  of  time  was  sufficient  to 
allow  stress-corrosion  crack  growth  rates  to  be  measured  at  the  higher  Kj  levels  for  com*  ri 
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CRACK  GROWTH  RATE,  da/dt  (IN./HR) 
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Figure  28.  K j-Rate  Data  from  Short-Transverse  DCB  Specimens  of 
Several  Aluminum  Alloys  (From  Ref  26) 
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CRACK  GROWTH  RATE,  da/dt  (A/SEC) 
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Figure  2l).  Effect  of  Heat  Treatment  on  SCC  Behavior  of  Alloy  21  Measured  on  Precracked 
DCB  Specitnens  Intermittently  Wetted  with  2.52'  NaCI.  Specimens  Were 
Quenched  in  M0°F  Water. 
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Figure  . 


>  /.  F fleet  of  Heat  Treatment  and  Quench  Kate  on  SCC  Behavior  of  A  //or 
Measured  on  Precracked  DCB  Specimens  intermittently  Wetted  with  d 
\aCI.  Specimens  Were  Quenched  in  1 40° F  or  21 2°  F  Water. 
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MAXIMUM  CRACK  GROWTH  RATE  (IN. /HR) 


/lf’lirc 


i'.ffcct  of  Aging  lime  at  225°F  on  the  Maximum  Stress-Corrosion  Crack 
Growth  Rates  of  Alloy  2/.  Maximum  Crack  Growth  Rates  for  the 
Commercial  Alloys  Are  from  Ref  26. 
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son  with  the  commercial  alloys,  yet  was  significantly  shorter  than  the  normal  3-month 
waiting  period  lor  results  from  alternate-immersion,  tension  stress-corrosion  tests. 

At  the  conclusion  of  testing,  the  IX'B  stress-corrosion  specimens  were  broken  open  by 
continued  turning  ol  the  loading  holt.  1  he  Iractured  specimens  are  shown  in  Fig  35  The 
specimens  quenched  in  I40°F  water  and  aged  at  325°F  show  particularly  well  the  decreas¬ 
ing  extent  of  stress-corrosion  crack  penetration  as  overaging  time  at  325°F  increased.  The 
greater  extent  ol  crack  front  bowing  in  the  more  rapidly  quenched  specimens  is  also 
evident;  the  higher  residual  compressive  stress  on  the  surface  of  a  rapidly  quenched  speci¬ 
men  causes  a  lower  effective  K(  level  near  the  surface  of  the  DCB  speci;  en. 

c.  Kflect  ol  Quench  Rate  and  Overaging  Time  on  Smooth-Specimen  Corrosion  and 

Stress-Corrosion  Properties 


One-quni  ter-inch-diam.  smooth  stress-corrosion  specimens  were  tested  using  deadweight 
loading  in  the  standard  3.5'?  NaCI  alternate-immersion  environment.  The  specimen  config¬ 
uration  is  shown  in  I  ig.  7  I .  Appendix  III.  and  the  stress-corrosion  apparatus  is  shown  in 
hg.  3b.  Specimens  for  testing  were  machined  in  the  short-transverse  direction  from  3-in  - 
thick  plate.  They  were  machined  from  blanks  quenched  and  heat  treated  as  shown  in  the 
Phase  II  program  outline  (Fig.  20). 


In  addition,  single  specimens  from  the  same  blanks  were  exposed  unstressed  in  the 
3.5'?  NaCI  alternate-immersion  environment.  The  unstressed  specimens  were  removed  from 
test  at  the  time  of  failure  of  the  corresponding  specimens  stressed  at  35  ksi.  If  no  failure  of 
the  35-ksi  specimen  occurred,  both  the  stressed  and  unstressed  specimens  were  removed 
from  test  alter  90  days.  The  unstressed,  corroded  specimens  and  the  unfailed  stress- 
corrosion  specimens  were  the.,  tested  in  tension  to  determine  residual  ultimate  strength 
and  elongation. 


Stress-corrosion  results  are  shown  in  Figs.  37  and  38.  Actual  data  are  tabulated  in 
lables  27  and  28.  Appendix  II.  Note  that  specimens  quenched  at  the  faster  rate  ( 140°F/sec) 
showed  longer  times  to  failure,  l  or  the  140  I-  wafer-quenched  specimens,  the  data  in  Fie. 
o7  indicate  that  the  threshold  stress  of  25  ksi  could  he  achieved  with  the  Tb  +  20  hr  at 
325  I-  treatment,  l  or  the  212  1  water-quenched  specimens,  the  data  in  I  ig.  38  indicate  that 
the  threshold  stress  goal  of  25  ksi  could  nos  veil  be  achieved  with  the  Th  +  40  hr  at  325°F 
treatment,  llow'ever.  conclusions  based  on  time-lo-failure  data  from  smooth  specimens  can 
he  meaningless,  since  specimens  may  tail  from  weakening  by  corrosion  without  any  accelera¬ 
tion  by  stress,  figure  39  (from  Ref.  33)  illust  rates  I  he  technique  recommended  for 
distinguishing  stress-corrosion  failure  f  rom  mechanical  failure.  The  results  for  the  stressed 
and  unstressed  corrosion  specimen*  of  alloy  21  are  shown  in  Figs.  40  and  41.  (Data  for  the 
unstressed  corrosion  specimens  are  listed  in  Table  2lh  Appendix  II.) 

Note  that  at  both  quench  rates  and  for  almost  all  heat  treatments,  there  was  a  large 
and  fairly  constant  deciease  in  the  residual  strength  of  the  stress-corrosion  specimens  tested 
at  35  ksi  compared  with  the  residual  strength  of  the  unstressed,  corroded  specimens.  For 
the  single  stress-corrosion  specimen  Healed  at  I  b  r  40  hr  at  .325'  I  and  tested  at  25  ksi 
(I  ig.  40).  the  residual  strength  was  onl\  slightly  less  than  that  of  the  unstressed  companion 
specimen,  t  hese  data  would  indicate  that  alloy  21  is  fairly  susceptible  to  stress-corrosion 
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Figure  3 5. -Concluded 


I 


Figure  36.  Deadweight  Loading,  Alternate-Immersion  Stress-Corrosion  Testing  Facility . 
Nineteen  Individual  Test  Cells  Are  Available. 
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SUSTAINED  TENSION  STRESS  (KSI) 


SUSTAINED  TENSION  STRESS  (KSI) 


10  20  30  40  50  60  70  80  90  100 

DAYS  TO  FAILURE  (3.5%  NaCI  ALTERNATE  IMMERSION) 


Figure  AS.  Short-Transverse  Stress-Corrosion  Data  for  Variously  Overaged  Alloy  21 

Specimens  and  Several  Commercial  Alloys.  Alloy  2/  Specimen  Blanks  Were 
Quenched  in  21 2°F  Water  (f)°F/Sec). 
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BREAKING  LOAD 


f 


Figure  Sh.  Distinguishing  Stress-Corrosion  Failure  from  Mechanical  Failure 
( Front  Ret.  SJ) 


57 


EXPOSE  DISTRESSED 


ELONGATION  (%  IN  1  IN.)  ULTIMATE  STRENGTH  (KSI) 


90 

| 

1 - 

T - 1 - 

•  ORDINARY  TENSION  TEST 

n 

—  INDICATES  NO  FAILURE 

(AVERAGE  OF  2  SPECIMENS) 

jlljifelp 

• 

NUMBERS  DENOTE 

A  TENSION  TEST  OF  CORRODED 

80 

A 

DAYS  OF  EXPOSURE 

UNSTRESSED  SPECIMEN 

w 

□  3.5%  NaCI  SCC  FAI  LURE 

• 

▲  TENSION  TEST  OF  UNFAILED 

• 

3.5%  NaCI  SCC  SPECIMEN 

70 

_ 

A 

A 

• 

• 

W 

26.5 

A 

A 

• 

A 

90 

A 

90 

A31 

A 

12.5 

2.5 

90 

A 

90 

+ 

60 

t 

1 

1 

1 

1 

1 

50 

1 

l 

1 

1 

1 

l 

■ 

l 

1 

t 

1 

t 

tj 

1 

1 

1 

1 

| 

40 

- 

1 

1 

i 

1 

1 

a 

t 

l 

1 

J 

1 

1 

1  ' 

□ 

□ 

□  □ 

A—  □ 

tin  □ 

D- 

A— 

A- 

12.5 

2.5 

26.5  24.5 

90  54 

90  j  96 

90 

90 

90 

31 

30 

- 

1 

1 

- 

A— 

90 

20 

— 

10 

- 

_ 

9 

- 

_ 

8 

- 

• 

• 

__ 

7 

a 

— 

• 

• 

• 

• 

A 

A 

• 

o 

5 

- 

A 

A 

A 

4 

3 

:  • 

A 

A 

A 

- 

2 

- 

__ 

1 

- 

A 

_ 

0 

A 

A 

▲ 

T6 

T6+ 

T6+ 

T6+ 

T6  + 

T6  + 

T6  + 

T6  + 

T6  + 

10  HR 

20  HR 

30  HR 

40  HR 

50  HR 

12  HR 

20  HR 

25  HR 

AT 

AT 

AT 

AT 

AT 

AT 

AT 

AT 

325°  F 

325°F 

325°F 

325°F 

325°F 

350°  F 

350°  F 

350°  F 

Figure  40. 


Effect  of  Corrosion  and  Stress-Accelerated  Corrosion  on  Mechanical  Properties 


of  Alloy  21  in  I  arious  Heat-Treatment  Conditions.  Specimen  Blanks  Were 
Quenched  in  I40°T'  Water. 
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Rgure  41.  Effect  of  Corrosion  and  Stress-Accelerated  Corrosion  on  Mechanical  Properties 
of  Alloy  21  in  Various  Heat-Treatment  Conditions.  Specimen  Blanks  Were 
Quenched  in  212°F  Water. 
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cracking  at  35  ksi,  even  after  50  hr  of  overaging  at  325°  F.  However,  without  further 
metallographie  examination  it  cannot  be  concluded  whether  the  loss  of  strength  of  the 
stressed  specimens  was  due  to  deep  pitting  corrosion  or  to  incipient  stress-corrosion  cracking. 
Therefore,  to  obtain  a  clear  picture  of  the  relative  susceptibilities  of  alloy  21  after  the 
various  quench  rates  and  overaging  treatments,  a  metallographie  examination  was  made  on 
several  specimens  tested  at  25  and  at  35  ksi.  Those  specimens  sectioned  for  this  study  are 
indicated  by  an  “S”  in  Figs.  37  and  38. 

d.  Metallographie  Study  of  Smooth  Stress-Corrosion  Specimens 

The  results  of  the  metallographie  examination  of  specimens  quenched  in  140°F  water 
( 100°F/sec)  and  tested  at  25  and  35  ksi  are  shown  in  Figs.  42  and  43.  Figure  42  and  43 
indicate  that  the  elimination  of  sharp  intergranular  attack  on  specimens  tested  at  25  and  35 
ksi  occurs  somewhere  between  30  and  40  hr  of  overaging  at  325°F. 

Results  of  the  metallographie  examination  of  specimens  quenched  in  2  1  2°F  water 
(9°F/sec)  and  tested  at  25  and  35  ksi  are  shown  in  F'igs.  44  and  45.  Again,  it  is  indicated 
that  the  elimination  of  sharp  intergranular  attack  on  specimens  tested  at  25  and  35  ksi 
occurs  between  30  and  40  hr  of  overaging  at  325°F.  Based  on  this  metallographie  evidence, 
the  T6  +  35  hr  at  325°F  treatment  selected  for  alloy  2  1  on  the  basis  of  crack  growth  rate 
data  from  DCB  specimens  appears  to  have  been  a  good  choice. 

Figures  42  through  45  also  indicate  that  for  the  T6  +  35  hr  at  325°F  treatment,  the 
stress-corrosion  threshold  is  near  35  ksi  for  specimens  tested  in  the  alternate-immersion 
environment.  This  is  particularly  important  since,  to  give  some  assurance  that  threshold 
level  in  an  industrial  environment  would  meet  the  25-ksi  goal,  it  was  desirable  that  alloy  2  1 
show  little  evidence  of  sharp  intergranular  attack  at  35  ksi  in  an  alternate-immersion  environ¬ 
ment.  The  reasoning  was  the  same  as  that  discussed  earlier  and  was  based  on  the  fact  that  the 
low-copper-eontent  alloys  in  general  and  the  low-copper-content,  chromium-free  X7080-T7 
alloy  in  particular  exhibit  lower  threshold  stresses  in  an  industrial  environment  than  in  an 
alternate-immersion  environment.  And  alloy  21  is  a  low-copper,  chromium-free  alloy.  In 
any  case,  by  the  time  the  smooth-specimen  stress-corrosion  data  had  been  obtained,  the 
remaining  wrought  products  of  alloy  21  had  already  been  heat  treated  to  the  T6  +  35  hr  at 
325°F  temper  based  on  the  earlier  crack  growth  rate  results. 

e.  Heat  Treatment  of  Wrought  Products  of  Alloy  21 

Alloy  21  wroughts  products  (die  and  hand  forgings,  plate,  and  extrusions)  were  heat 
treated  in  Boeing  production  facilities  to  simulate  commercial  heat  treatment.  The  prod 
nets  were  solution  treated  in  a  gas-fired,  vertical  drop  Despatch  furnace  that  was  6  ft  wide, 

12  ft  high,  and  60  ft  long  (interior  dimensions).  The  water  quench  bath  below  was  20  ft 
deep.  Aging  was  performed  in  a  front-loaded,  4-  by  5-  by  6-ft  electric  Coates  furnace 

The  heat  treating  was  accomplished  in  two  loads.  All  forgings,  plate,  and  heavy  extru¬ 
sions  were  heat  treated  in  one  load,  and  the  square  and  angular  cross-section  extrusions 
were  heat  treated  in  another.  The  racking  of  parts  for  solution  treatment  was  chosen  to 
minimize  distortion  during  quenching. 
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SPECIMEN  6B 
T6 

12.5  DAYS  TO  FAILURE 


SPECIMEN  8B 

16  +  10  HR  AT  325° F 

2.5  DAYSTO  FAILURE 


SPECIMEN10B 

T6  +  20HR  AT  325°  F 

26.5  DAYS  TO  FAILURE 


I 


Figure  43. 


Cross  Sections  of  Stress-Corrosion  Specimens  Tested  in  Tension  at  35  KSI. 
Specimen  Blanks  Were  Quenched  in  !4(f  T  Water.  Keller's  Ft  eh  ( I00X). 


62 


SPECIMEN  1 1B 
T6+  30  HR  AT  32Ef  F 
54  DAYS  TO  FAILURE 


SPECIMEN  17B 
T6  +  40  HR  AT  325°F 
96  DAYS  TO  FAILURE 


SPECIMEN  20B 
T6+  50  HR  AT  325°F 
REMOVED  UNFAILED 
AFTER  90  DAYS 


Idgure  4d  Concluded 


SPECIMEN  36C 
T6+  20  HR  AT  325°  F 
76  DAYS  TO  FAILURE 


SPECIMEN  38C 
T6+  30  HR  AT  325°F 
60  DAYS  TO  FAILURE 


SPECIMEN  40A 
T6  +  40  HR  AT  325°F 
69  DAYS  TO  FAILURE 


Figure  44.  Cross  Sections  o  f  Stress-Corrosion  Specimens  Tested  in  Tension  at  25  KSI. 
Specimen  Blanks  Were  Quenched  in  212° F  Water.  Keller’s  Etch  ( 100X). 


SPECIMEN  32B 
T6 

0.7  DAYS  TO  FAILURE 


SPECIMEN  34B 
T6+  10  HR  AT  325°F 
19.5  DAYS  TO  FAILURE 


SPECIMEN  36B 
T6+  20  HR  AT  32^F 
26.5  DAYS  TO  FAILURE 


/  i^urc  C  ross  Sections  of  Stress-Corrosion  Specimens  Tested  in  Tension  at  35  KSJ. 
Specimen  /Hanks  Were  Quenched  in  3/5  T  Water.  Keller's  Etch  (100X). 


SPECIMEN  38B 
T6  +  30  HR  AT  325°F 
38  DAYS  TO  FAILURE 


SPECIMEN  40B 
T6+  40  HR  AT  32^ F 
35  DAYS  TO  FAILURE 


SPECIMEN  42B 
T6  +  50  HR  AT  325°F 
38  DAYS  TO  FAILURE 


/■'i^nre  C  'oiu  Inch’d 


In  the  first  load,  the  landing  gear  die  forgings  were  placed  vertically  with  the  heavy  end 
down,  the  plate  was  racked  vertically,  and  all  hand  forgings  were  laid  Hat.  ft  o  to  e7 
ea  tng.  par,  of  a  6-in.-, hick  hand  forging  was  cu,  up  into  3-in.-  and  l-in-,hiek  slices  the 
heat-treatmen,  sequence  was  as  follows:  solution  treat  at  870°  +  3°F  for  7  hr  quench  in 
75  I-  water  with  a  quench  delay  of  10  sec  and  a  room-temperature  delay  time  of  I  h! 
before  art'fiaa1  aging.  Aging  was  performed  at  250°  +  3°F  for  24  hramn->5°±  3°F  for 

°  0irF  m  f'Tp  h'TUP  nite  3fT/hr  ,r°m  r0°'”  '“"I*™"™  <°  250°F  and  from 
1 8°F eveiy  iialf  hout  "  aCC0'”phs”t"  temperature  setting  1 7°  to 

tr-  Iim  t6  SeC°1d  l0?d' ,hC  smal1  cross‘section  extrusions  were  racked  vertically  The  heat- 
c.  tent  procedure  for  this  load  was  essentially  the  same  as  for  the  first  load  except  that 
the  solution  treatment  time  was  I  hr  and  35  min,  P 
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V 


SECTION  IV 


PHASE  III  CHARACTERIZATION  OF  WROUGHT  PRODUCTS  OF  ALLOY  2 


I.  PHASE  III  TEST  PROGRAM  OUTLINE 

After  heat  treatment  of  the  wrought  products,  specimens  for  the  Phase  III  character!- 

•m  V  S  1  yrTrU  ',"T  each  parl'  Specimens  b'ken  from  both  the  surface 

r  ,  *f  °!  ’e  ,hlcker  matemls-  Thev  were  obtained  for  evaluation  of  mechanical 

I'hase  li  ?2‘tUre'  s,ress'co,;roslfn'  alul  exfoliation  corrosion  properties  as  described  in  the 
I  use  III  test  program  outhned  in  Table  5.  The  specimen  configurations  used  during  this 
characterization  study  are  shown  in  Figs.  71  through  81.  Appendix  III. 

:.  CONDUCTIVITY  VALUFS  FOR  WROUGHT  PRODUCTS  OF  ALLOY  2 1 

The  ranges  in  electrical  conductivity  ('/,  IACS)  and  in  hardness  (R,.)  for  specimen 
blanks  machined  Iron,  the  various  wrought  products  are  given  in  Table  6.  As  noted  earlier 
conductivity  values  lor  alloy  21  were  less  than  those  for  7075-T73.  even  though  alloy  "  I 

for  7075  aged  at  325  F  f°r  UmeS  IO'lger  than  encountered  in  achieving  the  T73  temper 


3.  OPTICAL  AND  TRANSMISSION  ELECTRON  MIC  ROSCOPY  OF 

WROUGHT  PRODUCTS  OF  ALLOY  21 

™e  m,Cr0fStri,ctures  of  the  Phase  III  wrought  products  may  he  seen  in  Figs.  40  through 
50  The  microstructures  were  typical  of  wrought  7000  series  alloys,  and  all  products 
exhibited  an  unrecrystallized  structure,  with  the  exception  of  flic  surface  layers  on  all 
extrusions,  where  the  structure  was  completely  recrystallized  i  lug.  47 1.  A  recrvstallized 
surface  layer  is  typical  ol  extruded  products. 

Transmission  electron  micrographs  of  material  from  the  surface  and  center  of  the 
b.75-,n.-diani  landing  gear  die  forging  are  shown  in  Fig.  5|.  I  or  comparison,  a  transmission 
electron  micrograph  of  Kaiser's  70W7.1  alloy  is  shown  in  Fig.  57.  Both  alloys  contain 
prectpit ote-tree  zones  adjacent  to  grain  boundaries,  but  any  difference  in  the  degree  of 
overaging  of  the  two  alloys  is  not  readily  apparent.  One  difference  that  is  apparent  is  the 

tmmin  dlvn'l  t  in  7049-T73‘  7049-T73  contains  chromium 

( nominal  y  0. 15  , ),  these  particles  are  probably  F  phase  ( Al ,  VvIgT'r).  Alloy  2  I  does  not 

contain  chromium  and  showed  a  much  lower  density  of  this  type  of  intermetallic  particle. 

4.  MEC  HANICAL  PROPERTIES  OF  WROUGHT  PRODUCTS  OF  ALLOY  2  I 

Averaged  tension,  compression,  shear,  and  bearing  results  for  wrought  products  of 
alloy  _  are  given  in  Tables  7  through  14.  Actual  data  are  shown  in  Tables  30  through  41 
Appendix  III.  As  expected,  ultimate  and  yield  strengths  for  the  extrusions  were  higher  tha  i 
(or  the  forgings.  Eor  equal  section  thickness,  the  properties  for  die  and  hand  forgings  were 
very  similar.  Generally,  surface  property  values  were  slightly  higher  than  center  property 
values.  Except  for  the  angular  extrusions,  all  elongation  results  were  above  Federal 
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EXTRUSIONS 
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stress-corrosion  Battelle  type 
properties  DCB 


Table  5.  Concluded 


a  1 1 1 is  ingot  contains  small  inclusions. 

b  S  or  C  denotes  that  specimen  was  taken  near  surface  or  center  with  respect  to  heat  - 
treated  thickness. 

c  These  center  specimens  were  taken  from  locations  identical  to  those  from  Piece  271. 

d  Grain  direction  other  than  L  and  ST  is  indicated  in  parentheses  after  the  number 

of  specimens. 

e  I'/D  denotes  edge  margin  to  hole  diameter  ratio. 

I  Specimens  were  taken  from  one  piece  only. 
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Tabic  6.  Hardness  and  Conductivity  Ranges  for  Phase  ill  Wrought  Products  of  Alloy  21 


Alloy  product  form 

Overall  dimensions 

(in.) 

As-heat- 

treated 

thickness 

(in.) 

Furnace 

load 

Conductivity  range 
in  or  near 
center  of  part 
(%  1  ACS) 

Hardness  range 
in  or  near 
center  of  part 

(Rb> 

Die  forging 

6.75  diam  x  33 

6.75 

■ 

■ 

37.5  39.1 

DC 

be 

1 

oc 

(landing  gear) 

H 

Die  forging 

4  x  6  x  55 

4 

it 

36.8  37.2 

87.8  89.1 

(Navajo  type) 

1.5 

w 

it 

36.9  37.6 

Hand  forging 

6  x  10  x  45 

6 

■ 

■ 

36.8  37.7 

84.0-88.0 

3 

■ 

36.9-37.3 

84.2-88.0 

1 

1 

■ 

36.6-37.3 

86.8-87.7 

Plate 

3  x  20  x  43 

3 

■ 

■ 

37.2-37.7 

84.3  86.3 

Extruded  panel 

2  x  6  x  38  ft 

2 

■ 

■ 

37.8-38.1 

87.0-88.0 

Extruded  angle 

0.1  x  0. 1  x  140  ft 

0.1 

I 

■ 

39.3-39.8 

82.3-  83.0 

Extruded  angle 

0.25  x  0.25  x  84  ft 

0.25 

38.2-38.3 

83.9-89.8 

Extruded  bar 

1  x  1  x  40  ft 

1 

■ 

■ 

38.0-38.2 

86.2  87.2 
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Figure  46.  Microstructurc  at  Center  of  3-lnch-Tliick  Plate  of  Alloy  21  ( 75X ) 
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Figure  4  7.  Mierostrnetures  of  Transverse  Speeimens  from  0. I-Ineh-Tliiek  and  0. 25-lneh-Thiek 
Extrusions  of  Alloy  21  ( 100X) 


Figure  -IS. 


Micros  trn<  lures  of  I'ransversc  Specimens  from  1-Inch-Thick  and  2-Inch-Thick 
kxtrusions  of .  I  Hoy  21  ( 100  X) 
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Figure  49.  Mierosinielure  al  Center  of  the  6-  />»•  <A>  hv  JO-hu  h  Hand  Forging  of 
Alloy  2/  (75X) 
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A.  SURFACE 


SHORT 

TRANSVERSE 


TRANSVERSE 


LONGITUDINAL 

XX 


B.  CENTER 
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e  50. 


Microstructure  at  the  Surface  ami  Center  of  the 
Gear  Die  Forging  (  75 X) 


0-  75-1  uc/i-Diame ter  Landing 
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A.  FROM  NEAR  SURFACE 


B.  FROM  CENTER 


Figure  51.  Typical  Transmission  l  la.  iron  Mr.  mgraphs  <>j  Spa  i<. tens  from  6.  75-hir Diameter  by 
33-ln-l.ong  Die  Forging  oj  \U<>\  .7 (Solution  Treated  at  S70:F  J’or  7  Hr.  Quenched 
in  75"  T'  Water.  /  Hr  at  Doom  Temperature  >  51  Ural  25<Fh  +35  Ural  325°  F 
Heatup  Rale  from  Room  Temperature  /<>  250  /  and  from  250  T  to  3 25  T 
Was  35° T/ Hr)  ( 1 13. 000 X) 
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Table  V.  Average  Elongation  Results  for  Alloy  21 
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Table  II.  Average  0.  2'i  Compressive  Yield  Strength  Results  Jor  Alloy  2! 
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table  la.  Average  Bearing  Ultimate  Strength  Results  for  Alloy  2! 
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Specification  minimums  for  7075- To  and  7075-T73.  1  luit  2-in.  rather  than  i-in.  gage  length 
tension  specimens  of  angular  extrusions  were  used  may  account  for  the  lower  elongation 
values  tor  these  products.  Reduction  in  area  values  were  satisfactory  for  tests  in  all  grain 
directions  Shear  properties  (  (able  1  2)  were  consistent.  Bearing  ultimate  and  hearing  yield 
strengths  (  1  aides  15  and  14)  were  verv  similar  for  die  and  hand  forgings.  Surface  property 
values  were  somewhat  higher  than  center  property  values. 

hxpeeted  minimum  mechanical  properties  for  hand  and  die  forgings  of  alloy  21  may 
be  compared  with  established  minimums  for  several  7000  series  alloys  in  Figs.  55  through 
55.  1  he  yield  strength  minimums  of  alloy  21  were  derived  by  subtracting  6  ksi  from  the 
average  values,  since  this  is  the  difference  between  typical  and  minimum  values  for  other 
7000  series  alloys.  This  procedure  appears  warranted  since  the  compositions  of  the  wrought 
products  were  in  the  center  of  the  specified  composition  range  for  alloy  21  and  the  micro¬ 
structures  were  typical  of  properly  processed  forgings.  Although  these  calculated  minimums 
are  useful  for  comparison  purposes,  they  do  not  represent  statistically  reliable  minimum 
values  for  design  purposes.  Insufficient  lots  of  material  were  evaluated  to  establish  such 
statistically  reliable  minimums. 

In  die  forgings  (Fig.  53),  alloy  21  has  higher  minimum  tensile  yield  and  ultimate 
strengths  than  X70S0-  T7  and  7075-773  and  just  slightly  lower  minimums  than  7049-T73 
in  section  thicknesses  below  about  4  to  5  in.  In  section  thicknesses  above  5  in.,  however, 
alloy  21  may  have  equal  or  higher  strengths  than  7049-T73. 

In  hand  forgings  (Fig.  54),  alloy  21  has  higher  minimum  tensile  ultimate  strengths 
than  X7080-T7  and  7075-T73  and  just  slightly  lower  minimums  than  7049-T73  in  section 
thicknesses  less  than  about  4  in.  In  section  thicknesses  greater  than  4  in.,  alloy  21  and 
7049-7  73  are  comparable.  On  a  minimum  yield  strength  basis,  alloy  21  appears  to  be 
superior  to  7049-T73  in  thicknesses  above  about  4  in.  In  thicknesses  above  5  in.,  alloy  21 
is  even  superior  to  7075-T6  and  comparable  to  7079-7  6. 

Minimum  compression  values  (  Fig.  55)  indicate  that  alloy  2  1  has  properties  intermedi¬ 
ate  between  7075-T73  and  7075-T6  or  7079-T6. 

5.  FRACTURE  TOUGHNESS  PROPERTIES  OF  WROUGHT  PRODUCTS  OF  ALLOY  21 

Averaged  fracture  toughness  results  for  alloy  21  were  obtained  using  1 .0-in.-thick  three- 
point  bending  specimens  and  the  procedures  outlined  in  Ref.  36.  Average  results  are  shown 
in  Table  1  5.  Actual  data  are  given  in  Tables  42  and  43,  Appendix  III.  The  values  in  Table 
15  indicate  that  the  plane  strain  fracture  toughness  values  for  alloy  21  are  equivalent  to 
those  for  7075-T6  and  7075-T73  (57). 

Figures  56  through  58  show  the  fracture  surfaces  of  all  toughness  specimens  tested. 

I  he  long- transverse  and  short-transverse  specimens  were  very  flat,  with  no  shear  lip  forma¬ 
tion.  All  but  two  longitudinal  specimens  contained  large  shear  lips;  except  for  these  two 
specimens  (340L  and  341  L,  Fig.  56),  tests  on  the  longitudinal  specimens  were  invalid.  A 
fractography  study  of  short-transverse  fracture  toughness  specimens  showed  fracture  modes 
ranging  from  intergranular  to  ductile  transgranular  (Fig.  59). 
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MINIMUM  YIELD  STRENGTH  (KSI)  MINIMUM  ULTIMATE  STRENGTH  (KSI) 


THICKNESS  (IN.) 


THICKNESS  (IN.) 

L'igure  W.  Minimum  Longitudinal  Ultimate  am!  Yield  Strength  Values  for  Hand  Forgings 
o.1  Several  Commercial  Alloys  and  Alloy  2/ 
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MINIMUM  COMPRESSION  YIELD  STRENGTH  (KSI) 


/  iimre 


Minimum  /  oiigittidinal  Compression  Yield  Strength 
/on-flings  of  Several  Commercial  \Uovs  am!  1  //,,,■  / 


I  nines  for  Hand  and  Die 


(>l 


Table  15.  1  rerage  Plane-Strain  Fracture  Toughness  Results  for  .  Uloy  21 


f  11  *  wfOT 

NOT  PRECRACKED  48.5  KSI  y/iN.  1  24.4  KSI  \f  IN.  26.8KSIN/W. 

(6.75  IN.  THICK  AS  HEAT  TREATED)  (6.75  IN.  THICK  AS  HEAT  TREATED) 

LANDING  GEAR  DIE  FORGING  (6.75  IN.  IN  DIAM  BY  33  IN.)  ( INGOT  21562) 

340  L  341  L  342  ST  343  ST 


37.2  KSI  IN.  38.1  KSI  \f IN.  21 .7  KSI  x/  IN.  21 .9  KSI  >/  IN. 

(6.75  IN.  THICK  AS  HEAT  TREATED)  (6.75  IN.  THICK  AS  HEAT  TREATED) 

LANDING  GEAR  DIE  FORGING  (6.75  IN  IN  DIAM  BY  33  IN.)  (  INGOT  21563) 

344  L  345  L  346  LT  347  LT 


rn 

. 

_ _ 

49.4  KSI  ^IN.  ’  46.7  KSI  N  IN  *  30.5  KSI  y/  IN.  30.8  KSI  yj  IN. 

(1.50  IN  THICK  AS  HEAT  TREATED)  (4  IN.  THICK  AS  HEAT  TREATED) 


NAVAJO  DIE  FORGING  (4  BY  6  BY  55  IN.) 


Figure  ,v». 


I'raefure  Surfaces  of  \otehed  Bern/  Fracture  roughness  Specimens  from  1  llov 
21  Die  Forgings  < l  -  Longitudinal.  LT  =  Long  Transverse,  ST  =  Short  Transverse) 
(U.\) 
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42.1  KSI  >V  IN.  *  45.7  KSI-\/  IN.  *  29.5KSIV^IN.  25.0  KSI  vx  IN. 

(6  IN.  THICK  AS  HEAT  TREATED)  (6  IN.  THICK  AS  HEAT  TREATED) 

HAND  FORGING  (6  BY  10  BY  45  IN.) 


352  L 


353  L 


354  L 


355  L 
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S  -  j-jEWs i 1 

48.6  KSI \/W.  *  47.8  KSIv^Tn! 

(3  IN.  THICK  AS  HEAT  TREATED) 


33.1  KSIv^IN"  31.5  KSI  v/Tn". 
(3  IN.  THICK  AS  HEAT  TREATED) 


Host  lS^i  sy 


s 


28.5  KSI xfW.  29.3  KSI  v^lN 

(3  IN.  THICK  AS  HEAT  TREATED) 

PLATE  (3  BY  20  BY  43  IN.) 


9.4  KSI  IN.  *  59.7  KSI  y/  IN. 

{2  IN.  THICK  AS  HEAT  TREATED) 


EXTRUSION  (2  BY  6  BY  72  IN.) 


Fracture  Surfaces  of  Xotched  Send  f  racture  Toughness  Specimens  from  Alloy 
21  Plate  ami  /extrusions  ( l.  =  Longitudinal,  I  T  =  Long  Transverse,  ST  =  S  ion 
Transverse)  ( I.  IX) 


B.  SPECIMEN  343ST 


Figure  59.  / v picul  Electron  Fractographs  oj  Short-Transverse  Fracture  Toughness  Specimens 
of  Landing  Clear  Pie  Forgings  of  Alloy  21.  Fractures  Ranged  from  Intergranular 
(  \)  to  Ductile  Transgramdar  ( B)  (t),l 00  X). 


% 


6.  FA  F1GUE  PROPERTIES  OP  WROUGHT  PRODUCTS  OF  ALLOY  21 


1  lie  test  results  on  notched  and  unnotched  fatigue  specimens  of  alloy  21  ( R  =  0. 1  ) 
may  he  compared  with  scntterbands  for  7075-T6  (R  =  0.0)  in  Figs.  60  through  63.  Fatigue 
test  data  are  tabulated  tn  Tables  44  through  47,  Appendix  III.  In  the  notched  condition  the 
fatigue  strength  of  alloy  2  I  is  similar  to  that  of  7075-T6.  The  notched  fatigue  properties  are 
essentially  the  same  for  all  product  forms  of  alloy  21.  Except  in  the  short-transverse  grain 
direction,  the  lata  on  unnotched  specimens  of  alloy  21  (Fig.  60)  are  within  or  near  the 
established  scatterband  for  longitudinal  and  long-transverse  7075-T6  products,  For  tests  on 
unnotched  short-transverse  specimens,  data  for  alloy  2  I  are  again  comparable  io  data  for 
7075-T6  and  7075-173  die  forgings  in  the  short-transverse  grain  direction  (Fig.  60). 

7.  STRESS-CORROSION  RESULTS  ON  WROUGII  !  PRODUCTS  OF  ALLOY  21 

a.  Double  Cantilever  Ream  lests 

Double  cantilever  beam  ( DCB)  specimens  of  the  type  shown  in  I  ig.  26  were  machined 
from  the  heat-treated  hand  and  die  forgings,  extrusions,  and  plate  of  alloy  2  I .  I  or  the  hand 
forgings,  extrusions,  and  plate,  the  specimens  were  machined  from  the  center  of  the  parts 
to  test  the  transverse  or  short-transverse  structure,  l  or  the  die  forgings,  the  specimens  were 
machined  from  near  the  surface  across  the  parting  plane  to  test  the  most  short-transverse 
structure  possible.  I  ho  longitudinal  axes  of  the  DCB  specimens  were  parallel  to  the  longi¬ 
tudinal  grain  direction  'brail  products. 

lest  results  for  these  specimens  are  shown  in  Fig.  64.  For  comparison,  the  maximum 
growth  rates  obtained  from  Ref.  26  for  X70N0- 17.  7 1  7b- 1  76,  7  !  75-T736,  AZ74.6 1 .  7044- 
T73.  and  7075-T73  are  indicated  along  the  ordinate.  Except  for  one  specimen  from  the 
Navajo  die  forging,  all  growth  rates  were  less  than  that  of  X70S0-T7.  It  should  be  noted 
that  the  X70S0- 1  7  data  in  Fig.  64  is  from  a  DCB  specimen  machined  from  the  center  of  an 
8-in. -thick  die  forging  where  the  grain  structure  was  nearly  equiaxed.  whereas  the  specimen 
from  the  Navajo  die  forging  of  alloy  2  I  was  from  across  the  parting  plane  in  an  area  where 
a  very  short-transverse  structure  existed. 

h.  Smooth-Specimen  Tests  in  3.5 ' '<  NaCI  (  Alternate  Immersion)  and 

Industrial  Atmosphere 

Smooth-specimen  stress-corrosion  tests  were  performed  using  three  different  specimen 
types.  Configurations  for  these  specimens  are  shown  in  bigs.  7  1,  74.  and  80,  Appendix  III. 
file  stressing  fram  and  tension  stress-corrosion  specimen  employed  for  industrial  atmosphere 
testing,  together  with  the  loading  jig,  are  shown  in  Fig.  65.  The  industrial  atmosphere  test 
facility  for  these  specimens.  Fig.  66.  is  located  on  top  of  a  two-story  engineering  huildrg 
at  Boeing-Renton  and  faces  south. 

I  igure  67  shows  a  stressed  and  masked  tuning-fork-type  stress-corrosion  specimen. 

This  specimen  and  the  0. 25-in. -diam  deadweight  loaded  tension  stress-corrosion  specimen 
were  used  for  the  3.5C  NaCI  alternate-immersion  tests.  The  tuning-fork  specimen  is  particu¬ 
larly  useful  for  testing  die  forgings  in  the  short-transverse  direction  right  at  the  parting  plane 
or  for  testing  thin  plate  (0.25  in.  thick  or  greater)  in  the  short-transverse  direction. 
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CYCLES  TO  FAILURE 


figure  f'l  I  ensioii-  /  cnsion  hatiyue  Results  for  Specimens  Machined  from  the  Center  of  fi¬ 
lm  in-  by  df-ln  Hand  foiyme  of  Mho  2f  ,1  s-Hcat-Trcatcd  /hie  kness  li’as  f>  In. 
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/  iXitre  f)4.  Stress-Corrosion  Cracking  Behavior  of . Mlov  2/  Wrought  Products  Measured  on 
Preeraeked  DCB  Specimens  Iniennil tenf/y  Wetted  with  2.5' /  \aCI  A//  Sped 
mens  Were  Machined  to  Test  the  Material  in  the  Pransvcrsc  or  Short- Transverse 
Piiet  lion.  Maximum  (  rack  (wowth  Rates  for  the  Commercial  \H<>\  s  ' 
from  Ref  2h. 
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A.  DURING  LOADING  IN  LOADING  JIG 


B.  AFTER  LOADING  AND  MASKING 


Figure  (k\ 


Stressing  inunc  and  I  ension  Stress-Corrosion  S/ie<  imen 


1 03 


s 


higurc  ()  7.  Stressed  and  Masked  liattelle-I'ype  Stress-Corrosion  Specimen 


Short-transverse  stress-corrosion  results  to  date  are  given  in  lahles  l(>  through  Id. 

None  ol  the  deadweight  loaded  specimens  tested  In  alternate  immersion  at  or  below  35  ksi 
liii  d  (  lahles  I  6  anil  17).  (.valuation  of  results  from  tuning-fork  specimens  must  await 
me tallographie  examination  ot  sectioned  specimens.  After  130  days  no  failures  have  occurred 
m  tension  stiess-eoi losion  specimens  exposeel  to  the  industrial  environment.  I  he  industrial 
environment  tests  will  continue  until  I  075. 
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fable  !b.  Stress-Corrosion  Test  Results  on  Short-Transverse  Specimens  from  Hie 
Torgings  of  Alloy  21  (3.5'e  NaCl  Alternate  Immersion) 


‘•Specimen  did  not  f;iil  after  days  shown  and  was  removed  from  test. 

Determination  whether  or  not  stress-corrosion  failure  occurred  must  await  metallurgical  examination 
o!  sectioned  specimens. 
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Lihlc  I  Stress-(  ormsion  lest  Results  on  Short- Transverse  Specimens  from  Hand 

I- urging,  Plate,  am!  l:  \tntsion  of  Alloy  2!  (d.S'l  Sad  Alternate  Immersion ) 


‘l lentup  rates  from  room  temperature  to  250°F  and  from  25()°F  to  325°F  were  35°F/hr.  Room- 
temperature  delay  time  between  quench  and  start  of  aging  was  I  hr, 
h 

Cooling  rate  in  center  of  hand  forging,  plate,  and  extruded  panel  was  approximately  I  ()°F/sec,  20°F/see. 
and  7()°F/sec.  respectively. 

'"Specimen  did  not  fail  after  days  shown  and  were  removed  from  test. 
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n.-diam  landing  hear 


Table  IS.  Stress-Corrosion  Test  Results  on  Short-Transverse  Specimens  from  Die 
Forgings  of  Alloy  21  ( Industrial  Atmosphere,  Renton,  Washington) 
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Table  IS.  Concluded 


'“Heatup  rates  from  room  temperature  to  250°F  and  from  250°F  to  325°F  were  35°F/hr  Room- 
temperature  delay  time  between  quench  and  start  of  aging  was  I  hr. 

This  ingot  contained  inclusions. 

Pooling  rate  in  center  of  forging  was  l4°F/sec. 

^Specimens  2M.  281 . 282.  280.  and  270  wore  token  f,u„,  indent, cal  respective  locations  in  one  foroino  as 
were  specimens  288,  28(>.  287,  285.  and  284  in  the  other.  8  "8  dS 

Denotes  that  specimen  did  not  fail  after  days  shown  and  is  still  in  test.  Scheduled  test  period  is  3  yr. 
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Table  19.  Stress-Corrosion  Test  Results  on  Short-Transverse  Specimens  from  Hand 
Forging.  Plate,  and  Extrusion  of  Alloy  21  (Industrial  Atmosphere,  Renton, 
Washington ) 


Alloy 

product 

form 


Heat  treatment* 


Specimen  Specimen  Quench 
type  location  medium 


Aging 

treat- 


As-heat-  ■ 
treated 
thickness 
(in.) 


Specimen 

no. 

Stress 

level 

(ksi) 

301 

50 

209 

4 

35 

303 

♦ 

300 

JL 

304 

¥ 

298 

4 

1  C 

302 

1  J 

♦ 

305 

4 

25 

306 

♦ 

“Heatup  rates  from  room  temperature  to  250°F  and  from  250°F  to  325°F  were  35°F/hr.  Room- 
temperature  delay  time  between  quench  and  start  of  aging  was  1  hr. 

’’Cooling  rate  in  center  was  approximately  IO°F/sec,  20°F/sec.  and  70°F/sec  for  hand  forging,  plate, 
and  extrusion  respectively. 

c Denotes  that  specimen  did  not  fail  after  days  shown  and  is  still  in  test.  Scheduled  test  period  is  3  yr 


SECTION  V 


DISCUSSION 


I.  MELTING  Till  FATIGUE  AND  FRACTURE  TOUCI  INI  SS  (.OATS 


Phase  III  test  results  indicate  that  alloy  2 
fatigue  and  fracture-toughness  properties  that 
those  of  both  7075-16  and  7075-173. 


I  in  the  I  6  +  35  hr  at  325°F  temper  has 
are  comparable  to  and  possibly  better  than 


3.  Mi  l  TING  Till:  S  I  RESS-C’ORROSION  COAL 


Although  long-term  industrial  atmosphere  stress-corrosion  results  are  not  yet  complete, 
crack  growth  rate  data  taken  from  IX  H  specimens  (I'igs.  33  and  64)  and  conclusions  from 
microstructural  examination  ot  stress-corrosion  specimens  from  Phase  II  (Tigs.  42  through 
45)  indicate  that  the  16  +  35  hr  at  325°F  aging  treatment  for  alloy  21  will  provide  a  smooth- 
speeimen,  stress-corrosion  threshold  in  3,57  Nad  alternate  immersion  tests  of  at  least  25 
ksi  and  probably  even  as  high  as  35  ksi.  This  makes  it  highly  probable  that  alloy  21  heat 
treated  as  described  can  also  meet  the  25-ksi  threshold  level  in  an  industrial  environment. 

3.  MHCHANICAL  PROPERTIES  OF  ALLOY  21  AND  OTHER  COMMERCIAL 
AND  EXPERIMENTAL  7000  SERIFS  ALLOYS 


Alloy  _  I  in  the  I  6  +  35  hr  at  325  F  temper  cannot  possibly  meet  the  minimum  con¬ 
tract  yield  strength  goal  of  70  ksi  or  even  the  more  recent  63-ksi  goal  of  the  Alcoa  and 
Reynolds  contracts  (8,0).  Rased  on  the  mechanical-property  data  shown  in  Figs.  53  and  54 
and  on  stress-corrosion  results,  it  does  appear,  however,  that  alloy  21  can  outperform 
X7080-T7  on  a  strength  basis  and  at  the  same  time  provide  the  short-transverse  stress- 
corrosion  threshold  stress  of  25  ksi  originally  intended  for  X7080-T7  in  an  industrial 
environment.  The  strength  of  alloy  21  also  appears  comparable  to  that  of  7046-173. 

1  o  compare  alloy  2  I  with  the  experimental  thick-section  alloys  that  are  being  developed 
1^'  Alcoa  arui  Reynolds  (8,6.1 0. 1  1,12.13,14,15).  typical  yield  strength  values  for  the  various 
alloys  are  shown  as  a  function  of  quench  rate  in  Fig.  68.  Typical  yield  strength  values  for 
X7080-T7,  7046-T73,  7I75-T736,  7075-T6,  and  other  alloys  were  plotted  at  quench  rates 

determined  for  each  alloy  according  to  part  geometry  and  quench  water  temperature  from 
Ref.  39,  p.  1 37. 


Before  the  data  in  Fig.  68  are  examined,  it  should  be  noted  that  only  some  ol  the  more 
promising  of  the  Alcoa  and  Reynolds  developmental  alloys  are  included.  The  latest  Alcoa 
alloys  (alloys  10  through  18  in  Table  I  and  Fig.  I ),  which  were  cast  to  replace  some  vanadium- 
bearing  alloys  (alloys  1 ,  2,  3,  4,  and  7  in  Table  I ),  are  not  included.  These  vanadium-bearing 
chromium-tree  alloys  were  replaced  because  of  low  elongations  that  resulted  from  the  forma¬ 
tion  ot  extremely  coarse,  primary  in  termeta  1 1  ic  particles  of  AlpMgW  (14). 
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TYPICAL  YIELD  STRENGTH  (KSI> 


ALLOY 

BOEING  ALLOY 

REYNOLDS  2 

REYNOLDS  3 

REYNOLDS  8 

REYNOLDS  13 

7375  +  Mn 

7375  +  Zr 

7080 

7075 

7175 

7049 

ALCOA  A 
ALCOA  5 
ALCOA  9 
BOEING  ALLOY 


SYMBOL 

21  • 

O 

0 

A 

□ 

■ 

* 

+ 

A 

* 

♦ 

T 

0 

21  0-0- 


Zn 

Mg 

Cu 

Cr 

Mn 

Zr 

Fe 

Si 

Ti 

6.24 

2.50 

1.10 

<  0.02 

0.10 

0.13 

0.13 

0.06 

0.02 

6.58 

2.39 

1.22 

<0.01 

<0.01 

0.11 

0.07 

0.05 

0.03 

6.72 

2.46 

1.18 

<0.01 

<0.01 

0.18 

0.06 

0.03 

0.05 

6.76 

2.61 

1.22 

<0.01 

0.39 

<0.01 

0.08 

0.04 

0.02 

6.78 

2.63 

1.23 

<  0.01 

0.30 

0.11 

0.08 

0.05 

0.04 

5.72 

2.21 

1.52 

0.03 

0.34 

0.01 

0.20 

0.07 

0.04 

5.80 

2.20 

1.25 

0.01 

0.01 

0.12 

0.25 

0.09 

0.03 

5.88 

2.29 

0.90 

0.01 
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UNLESS  OTHERWISE  INDICATED  BY  A  TEMPER  DESIGNATION 
OR  SPECIFIC  HEAT  TREATMENT,  DATA  ARE  FROM  MATERIAL 
AGED  24  HR  AT  250°  F  +  18  HR  AT  325°  F, 

GRAIN  DIRECTIONS  FOR  MECHANICAL  PROPERTIES  ARE  AS  SHOWN; 
PROPERTIES  ARE  FOR  PLATE  UNLESS  OTHERWISE  INDICATED. 

'  I  I  I  I  I  I 
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ALCOA  ALLOY  A.  HAND  FORGING,  LONG  TRANSV 
T6  +  2'/j  HR  AT35GPF  (REF.  11,  FIG.  1) 


TYPICAL  DATA  FOR  BOEING  ALLOY  21 
PLATE,  LONG.,  T6  +  35  HR  325°F 

TYPICAL  DATA  FOR  BOEING  ALLOY  21  DIE 
FORGINGS,  LONG.,  T6  +  35  HR  325°F 
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TYPICAL  KAISER  DATA  FOR 
FORGINGS,  LONG.  (REF.  16) 


TYPICAL  BOEING  DATA  FOR 
X7080-T7  DIE  FORGINGS, 
LONG.  (REF.  18) 


REYNOLDS 

ALLOYS, 

LONG. 

(REF.  9 
p.  15,  17,  19) 


7375  +  0.34%  Mn 
7375  +  0.12%  Zr 


8-IN.-DIA  FORGING 
3-IN.-DIA  FORGING 
3-IN. -PLATE 
1-IN. -PLATE 

- 1 _ l 

0.2 


11  I  n  I - 1 — I — l'  I  l  1 1 

ALCOA  ALLOYS,  LONG  TRANSV 
(REF.  14,  TABLES  6,7,9) 


TYPICAL  DATA  FOR  7175-T736 
DIE  FORGINGS.  LONG.  (REF. 20)1 


BOEING  ALLOY, 
SHORT  TRANSV 

ALCOA  ALLOYS, 
LONG  TRANSV 
(REF.  6,  APPENDIX 
TABLE  A  31.  35,  37) 


7075-T6  LONG.  REFERENCE  LINE 
(REF.  39,  p.  135) 


ARROWS  INDICATE  AVERAGE  COOLING  RATES 
FROM  75C°  TO  550°F  FOR  DIFFERENT  QUENCH 
WATER  TEMPERATURES  AND  PRODUCTS 


t  2 1 2° F  ♦  180°F  140oFf  |75°F 


1  l  I  i  l  l  i 


♦  212°F  ♦180°F 

21 2°F ♦  180°  F ♦  140°F  ♦ 

♦  21 2°F  ♦ 180°l 
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AVERAGE  COOLING  RATE  FROM  750°  TO  550°  F  (°F/SEC) 

Figure  6 S.  Effect  of  Quench  Rate  on  Yield  Strength  of  C  onunercia I  and  E  xperimcntal .  1  Ho 
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included  in  Fig.  68.  V'  '°y  A  (  "  >•  "’  *  Tft  +  M  '-’  hr  at  350“F  temper  are 

direction.  The  Akra '^1^ "re'lakenTn  ^ the'Ion^V Var'°llS  "’a'erials  in  •>«  same  grain 
uorc  ^ken  in  the  longitu.linal  dhedion  11'^®?  d,rcc,ion- ,he  Soltis  data 
transverse  or  longitudinal  direction  ,i, r  °f ng  d‘"J  wert'  taken  in  the  short- 
■II  d-5°F  or  T6  +  35  |lr  at  tsj°r  w’i.  ‘  on  w  ,e"K'r  the  heat  treatment  was  T6  +  18  hr 

short-transverse  yield  strengths  are  typically  Tml  ku  l'|Sho“W  bc  remembered  that 

yP  "y  •  '°  5  ksi  lo'ver  than  longitudinal  yield  strengths. 

strengthfrom  Ret'lsTor  an  8-in.diam  die^'f  ^TrT  "“<*  '<>»»  yield 
rate  determined  for  an  8-in  -diant  round  t'oro0^"1”  da,a  p0lnl  was  P'0I‘ed  at  a  cooling 
X7080-T7  die  forgings  are  quenched  8  8  qUenched  in  hoili"l-’  since  this  is  how 

rr^  !“*  6  kd  *  *  minimum 

procedure  gives  a  reasonable  value  for  a  tymcul  vte  ,  r  T?  °f  *ha'  alloX  '  ■ " «■  This 
a  cooling  rate  determined  for  a  5-in  -dia.n  roimd  f  TlK  da,a  point  was  Plotted 

this  is  how  7049-T73  die  forgings  aa  quencha,  ,41  ?  ""*  qUenChed  in  l40°F  »»'«.  since 

minimum  giBrant«d^'loi^jh«ihiofyfcJ(jrs^^Ja***!?.0**Jjl*,'e<*  -  -«*  6  ksi  to  the 

alloy  was  Plotted  a.  a  cooling  ra  cl  ertSfo  ,  *  ^  T'K  da,a  P°int  for  "'is 

water,  since  7I75-T736  forgfngs  are  co“ r quenc"  ed “'onting  quenched  in  cold 

a^nZ'Tor  ,hiCk"eSS  f°r  WhlCh  ““  ~  m  eclia  n  icaT properties  rT^IT 
water  quenching  that  assumed  the  | liamTforginfo'f ' nlfoT'1  qUe"ch  rale  based  °n  cold 

7.175  X T6  °f  707S'  +  °- 1 «  Zr. 

Re'-  (>.  nr  at  -1-5  F  temper,  were  obtained  from 

Data  in  Fig.  68  for  7075-T6  were  taken  from  Ref.  39. 

+  7.5  hr  at  325^  heSwreafown't  nditfon  ^  c^p'^hfoto  h"'  W«e"aS  a"°y  2 1  in  "lc  T(' 
hoth  alloys  have  lower  strengths  than  the  current  Alcoa  and  Rev '  y  ln'roducei1  7"49-T73, 

11  . . ■ ™ « . 5* 


4. 


STRESS-CORROSION  PROPERTIES  OF  ALLOY  21  AND  OTHER 
COMMERCIAL  AND  EXPERIMENTAL  7000  SERIES  ALLOYS 


Although  the  stress-corrosion  threshold  for  X7080-T7,  7049-T73  717S-T7V, 

7075.-R,  are  known  (Table  20).  the  relative  stress-corrosion  resistance  if  !oL  experimental 
alloys  has  not  yet  been  determined.  To  assess  the  relative  stress-corrosion  resistance  of  the 
experimental  alloys,  the  following  information  should  be  considered. 

Stress-corrosion  crack  growth  rate  results  and  smooth-spec, men  stress-corrosion  results 
lor  Boemg  alloy  2 1  after  a  T6  +  20  hr  at  325°F  treatment  (similar  to  the  T6  +  1 8  hr  at 

t7 V am  aTa"‘  4re  eiven  in  Fi8S-  33'  42’  43’  44’ and  4s-  These  indicate  that  in  a 

resistance'  ‘emPer  '  B°ei"8  W0U'd  "°‘  eXhibit  ade<luate  str“S-corrosion 

Although  stress-corrosion  properties  for  Reynolds  alloys  2,3,8,  and  1 3  have  not  yet 
>een  determined  it  might  be  concluded  from  the  inadequate  resistance  of  alloy  2 1  after  a 
■  r  at  3:5  F  tre‘"monl  nnd  from  the  similar  compositions  of  the  Boeing  and  Reynolds 

is1. T ?.  i  *"  ■“ 

However  because  of  the  excessive  pitting  that  occurred  on  a  number  of  these  specimens’ 
coa  states  that  final  interpretation  and  evaluation  of  the  composition  and  aging  effects 
must  be  delayed  until  the  specimens  have  been  exposed  for  a  sufficient  time  in  the  New 

al toy  s^' a aVai'able  T  KenSmgt°n  atm°SP'lere  data  f°r  thcse 
a  toys  in  a  T6  +  -4  hr  at  3.5  F  temper  are  shown  in  Table  2 1 .  Based  on  these  data,  the 

eshold  stresses  for  the  manganese-  and  zirconium-bearing  7375  are  less  than  2b  ksi  Longer 

exposure  may  lower  , his  (hrcshold  even  fur, her.  Thus,  with  a  lesser  degree  of  overaging  (  Tb 

’  "  75  Mn  antl  7375  +  Zr  would  not  be  expected  to  have  adequate  stress- 
corrosion  resistance.  Table  2  I  indicates  a  threshold  stress  for  7075.  which  contains 

c lromium.  of  about  42  ksi:  this  is  as  expected,  since  the  T6  +  24  hr  at  325°F  temper  is 
essentially  the  T73  treatment  and  the  threshold  stress  for  7075-T73  is  greater  than  40  ksi. 

That  the  Alcoa  7375  4  Mn  and  7375  +  Zr  alloys  exhibit  an  industrial  environment 
threshold  of  less  than  2b  ksi  in  a  Tb  +  24  hr  at  325°F  temper  is  important  to  both  The 
Boeing  and  Reynolds  programs.  The  7375  alloys  contain  more  copper  than  either  the 

wnZ?  RT  ra"T' and  C°PPer  iS  kn°Wn  10  stress-corrosion  resislance  of 

00  series  alloys.  To  achieve  an  industrial  environment  threshold  of  25  ksi  for  the  Boeing 

rT-ihT' Tlh  ar°yfT‘  appears  L'SSen,ial  that  ,hcy  be  overaged  beyond  Tb  +  24  hr  at  ?’5°F 
Recall  that  the  final  heat  treatment  for  the  Boeing  alloy  2 1  was  Tb  +  35  hr  at  325°F.  " 

The  excellent  mechanical  properties  of  Alcoa  alloy  A  in  Fig.  68  demand  attention 

.  „'h,  I  hy,'--'!SSeT'a  y|;'  7  ,75  +  M"  :'Hoy  With  a  hish  c°PPer  content  of  2.4'?.  Alcoa  has 
slated  that  .icceleiated  stress-corrosion  tests  indicate  that  this  material  had  good  resistance 

stress-corrosion  cracking  alter  it  was  aged  to  peak  strength  at  350°F  after  a  prior  Tb 

treatment  ,Tb  +  2-1/2  hr  a,  350TB" , Initial  tests  also  indicated  tha  t  is  aTTylTad  much 

lower  quench  sensitivity  than  7075.  The  Alcoa  work  now  underway  ,8. 11.12  1 3  1 4,  anil 
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Table  21.  Stress-Corrosion  Resistance  of  Short-Transverse  Specimens  from  2-Inch-Thick 
Plate  Exposed  in  New  Kensington  Atmosphere a 


Alloy 

l_ 

Heat  treatment0 

Short-transverse 
yield  strength 
(ksi) 

Days  to  failure  after  exposure 
at  indicated  stress  level  (ksi) 

18 

26 

34 

38 

42 

46 

50 

54 

7075 

T6  +  24  hr  at  325°F 

61.5 

OK 

OK 

OK 

OK 

OK 

489 

494 

477 

7375  +  Zr 

T6  +  24  hr  at  325°F 

63.0 

OK 

447 

462 

120 

364 

141 

92 

92 

7375  +  Mn 

T6  +  24  hr  at  325°F 

65 .3 

435 

196 

214 

181 

113 

102 

92 

aData  taken  from  Ref.  6,  Appendix  Tables  31, 35,  and  37 
Quench  rate  from  solution  treatment  was  60°F/sec  from  750°  to  550°F. 


1 5)  on  the  high-copper,  chromium-free  alloys  (Table  I )  is  a  result  of  these  findings  on  alloy 
A.  Since  the  vanadium-bearing  alloys  have  been  dropped  because  of  intermetallic  particle 
formation  ( 14)  and  the  nickel-bearing  alloys  may  be  dropped  because  of  low  elongations 
(15),  the  Alcoa  work  is  now  concentrating  on  manganese  and  zirconium  additions  to  their 
high  copper  alloys.  Data  for  two  of  these  alloys  (alloys  5  and  9)  are  plotted  in  Fig.  68.  The 
high  mechanical  properties  for  these  two  alloys  are  particularly  significant.  On  the  basis  of 
what  has  been  said  about  the  benefits  of  high  copper  content  on  stress-corrosion  resistance, 
it  appears  that  although  7375  +  Zr  could  not  meet  a  25-ksi  threshold  goal  after  a  treatment 
of  TO  +  18  to  24  hr  at  325°F,  the  higher  copper  content  alloys  5  and  9  possibly  could. 

Taken  collectively.  Figs.  53,  54,  and  68  and  the  associated  discussion  indicate  that  the 
mechanical  properties  of  alloy  21  in  the  recommended  heat  treatment  are  comparable  to 
those  of  the  recently  introduced  Kaiser  alloy  7049-T73.  Only  after  completion  of  stress- 
corrosion  testing  of  the  Alcoa.  Reynolds,  and  Boeing  alloys  can  the  relative  stress-corrosion 
resistance  of  these  materials  be  meaningfully  compared  with  the  currently  available  thick- 
section  Kaiser  alloy,  7049-T73. 

5.  VARIABLFS  AFFECTING  QUENCH  SENSITIVITY 

Since  high  copper  contents  can  increase  quench  sensitivity,  it  may  seem  surprising  that 
Alcoa  alloy  9  in  Fig.  68  shows  such  high  strength,  even  at  quench  rates  as  low  as  5°F/sec. 
However,  there  are  more  aspects  to  quench  sensitivity  than  composition  variables.  Reynolds 
( 10)  has  recently  found  differences  in  quench  sensitivity  in  the  same  alloy  that  depend  on 
whether  the  material  has  been  hot  rolled  (600°  to  775°F)  or  warm  rolled  (400°  to  600°F), 
the  warm-rolled  material  being  the  most  quench  sensitive.  Reasons  for  the  effect  of  working 
temperature  on  quench  sensitivity  are  as  yet  unknown. 

Another  recent  study  by  Holl  (3)  has  indicated  that  the  tramp  elements  iron  and  silicon 
can  stimulate  quench  sensitivity  and  can  magnify  the  effects  produced  by  minor  alloying 
additions  such  as  manganese  and  zirconium.  Thus,  in  addition  to  substantially  improving 
fracture  toughness  by  reducing  the  concentration  of  iron  and  silicon  (42,43),  quench 
sensitivity  is  also  reduced.  Note  the  very  low  iron  and  silicon  contents  of  nearly  all  the 
current  thick-section  experimental  anu  commercial  alloys  in  Table  I. 

6.  EFFECTS  OF  PROCESSING  HISTORY 

Along  with  the  quench  sensitivity  differences  between  warm-  and  hot-rolled  materials, 
Reynolds  has  noted  a  drop  in  mechanical  properties  of  several  ksi  in  the  warm-rolled  mate¬ 
rial  that  was  due  to  the  more  recrystallized  grain  structure.  Thus,  fabrication  practices,  which 
have  not  even  been  mentioned  as  a  variable  in  the  present  work,  can  be  extremely  important 
in  establishing  mechanical  properties  and  may  have  a  greater  effect  on  quench  sensitivity 
than  composition  in  some  cases.  The  processing  history  of  the  alloy  2  I  hand  and  die  forgings 
(Table  22,  Appendix  1)  and  the  microstructures  of  these  parts  (Figs.  49  and  50)  show  that 
the  material  was  not  highly  recrystallized;  thus  the  properties  of  these  parts  can  be 
considered  typical  of  properly  processed  forgings. 


7.  RATE  OF  AGING  IN  CHROMIUM-FREE  ALLOYS  CONTAINING 
ZIRCONIUM  AND  MANGANESE 

In  view  of  the  long  overaging  time  used  for  alloy  2 1  it  is  interesting  that  the  electrical 
conductivity  values  for  this  alloy  are  substantially  less  than  the  typical  values  for  7075-T73. 
Electrical  conductivity  values  for  stress-corrosion-resistant  tempers  of  chromium-bearing 
7075  usually  range  from  38'/  to  42'/,  IACS.  These  conductivity  values  for  /075  are  usually 
achieved  alter  fairly  short  aging  times  at  325°F  (24  to  30  hr).  Even  after  much  longer  aging 
times  at  325  F,  the  electrical  conductivity  of  chromium-free,  manganese-  and  zirconium¬ 
bearing  alloy  21  ranged  from  36.67,  to  39.87  IACS  (Table  6).  Based  on  data  from  Ref.  6, 
the  lower  conductivity  of  alloy  21  can  be  attributed  to  the  replacement  of  chromium  by  ' 
manganese  and  zirconium.  For  equivalent  zinc,  magnesium,  and  copper  contents  and  for 
equivalent  heat  treatments,  manganese  in  particular  reduces  conductivity  (6).  These  effects 

have  been  attributed  to  a  slower  aging  rate  in  chromium-free  alloys  containing  manganese 
or  zirconium  (6). 

8.  USE  OF  DOUBLE  C  ANTILEVER  BEAM  SPECIMENS  FOR  STRFSS-CORROSION 
TESTING  OF  ALUMINUM  ALLOYS 

The  work  performed  in  Phase  III  ol  this  contract  is  believed  to  be  the  first  use  of  crack 
growth  rate  data  to  aid  in  the  selection  of  heat  treatments  in  aluminum-alloy  development 
programs.  The  main  advantages  of  this  technique  are  the  speed  and  simplicity  with  which 
the  data  can  be  obtained.  Stress-corrosion  crack  growth  rates  at  high  K.  values  may  be  com¬ 
pared  during  the  first  few  weeks  after  the  crack  has  been  initiated.  This  technique  appears  to 
be  more  discriminating  than  the  smooth-specimen  technique  in  evaluating  such  alloys  as 
7079-T6  and  7075-T6  (Fig.  28).  Had  such  data  been  available  several  years  ago,  it  is  doubt¬ 
ful  whether  7079-T6  would  have  seen  such  wide  usage,  and  many  in-service  stress-corrosion 
problems  resulting  from  its  use  might  have  been  avoided.  Although  the  DCB  technique  is 
less  discriminating  in  comparing  tempers  that  provide  more  immunity  to  stress-corrosion, 
it  is  apparently  still  useful,  since  the  selected  heat  treatment  for  alloy  2 1 ,  based  on  DCB 
specimen  data,  was  a  good  choice  according  to  a  microscopy  study  of  sectioned  tension 
stress-corrosion  specimens  (Figs.  42,  43,  44,  and  45). 

The  DC  B  technique  is  not  intended  as  a  substitute  for  the  smooth-specimen  technique 
but  rather  should  be  considered  as  a  complementary  technique  that  is  cheaper,  simpler, 
faster,  and  more  quantitative,  especially  when  limited  amounts  of  material  are  available. 

9.  INTERPRETATION  OF  DATA  FROM  PRECRACKED 

STRESS-CORROSION  SPECIMENS 

Since  the  precracked-specimen  approach  is  fairly  new  in  stress-corrosion  testing  of 
aluminum  alloys,  it  seems  appropriate  to  discuss  briefly  some  of  the  suggested  relationships 
between  stress-corrosion  data  obtained  on  smooth  specimens  and  those  obtained  on 
precracked  specimens. 


a.  ^|scc  Approach 

One  means  for  merging  the  two  types  of  data,  suggested  by  Kaufman  et  al.  (44),  is 
illustrated  in  Fig.  69.  In  this  figure  the  threshold  stress  for  the  stress-corrosion  cracking  of 
smooth  specimens  of  7075-T65  1 0  is  used  as  a  cutoff  or  upper  limit  for  safe  stresses  derived 
from  the  K|scc  values.  Hie  generalized  equation  K  =  o  v/?7i\  relating  stress  intensity  (K,). 
stress  (a),  and  flaw  size  (2a),  has  been  used  to  construct  the  Kjscc  lines  in  Fig.  69.  The 
implications  of  this  type  of  plot  are  that  ( I )  to  avoid  stress-corrosion  cracking,  7075-T65  10 
should  not  be  stressed  at  levels  above  the  cutoff  even  when  there  are  no  detectable  flaws  in 
the  material,  and  (2)  when  relatively  large  flaws  are  present.  7075-165  1 0  should  not  be 
stressed  at  levels  above  that  defined  by  the  stress-intensity  relationship.  The  approximate 
kflscc  va*ue  t°r  7075-T65  10  from  Kef.  44  used  to  construct  Fig.  69  is  much  higher  than 
would  be  expected  from  the  data  for  7075-T65  I  in  Fig.  28;  subsequently,  a  second  K, 
line  based  on  a  Kjscc  value  of  5  ksiv/im  has  been  added  to  Fig.  69  to  show  the  effect  of  a 
lower  K|scc  value  on  this  type  of  plot. 

b  Relationship  of  Smooth  and  Precracked  Specimen  Data 

Another  attempt  to  relate  the  data  obtained  from  smooth  anti  precracked  specimens 
is  presented  in  Ret.  26.  In  this  work  an  interpretation  of  the  smooth-specimen  stress- 
corrosion  threshold  stress  was  based  on  K|  versus  stress-corrosion  crack  growth  rate  data  of 
the  type  shown  in  Fig.  28.  For  this  analysis,  the  manner  in  which  the  stress  intensity  at  the 
tip  of  a  sharp  pit  or  crack  in  a  tension-type  stress-corrosion  specimen  changes  as  a  function 
ol  gross  stress  and  crack  depth  must  be  known.  To  make  this  calculation,  assume  that  a 
crack  is  present  in  a  smooth  tension  specimen  of  square  cross  section.  Assume  that  the 
crack  is  present  on  only  one  face  of  this  specimen,  resulting  effectively  in  a  single-edge 
notched  tension  specimen.  Assume  also  that  a  growing  stress-corrosion  crack  in  a  round 
tension  specimen  simulates  a  single  edge  notch  in  a  specimen  of  square  cross  section.  This 
appears  to  be  a  fair  assumption,  based  on  the  appearance  of  actual  stress  corrosion  cracks 
in  round  tension  specimens  (Ref.  26).  Then  the  equation  K|  =  a  vW  Y  for  a  single-edge 
notched  specimen  (36)  can  be  used  to  calculate  a  family  of  approximate  Kj  versus  crack 
depth  curves  for  tension  specimens  loaded  to  various  gross  stress  levels.  Such  a  family  of 
curves  is  shown  in  Fig.  70  for  a  square  specimen  whose  cross-sectional  area  was  made  equal 
to  that  of  a  0.25-in.-diam  round  tension  specimen  of  the  type  used  for  stress-corrosion 
testing  purposes  in  the  present  work.  Thus,  the  stress  levels  in  Fig.  70  are  equivalent  to  those 
for  a  round  tension  specimen  0.25  in.  in  diameter. 


If  an  effective  K|scc  around  3  ksi \/in.  is  assumed,  then  it  would  be  possible,  according 
to  big.  70,  to  achieve  this  K|  level  al  gross  stresses  of  20  ksi  with  a  flaw  only  0.005  m 
deep.  For  stresses  above  40  ksi,  a  crack  depth  of  only  about  0.001  in.  is  sufficient  to 
achieve  a  K,  level  of  3  ksi \/in.  It  certainly  seems  reasonable  that  such  shallow  flaws  could 
readily  be  attab  ed  during  a  stress-corrosion  test  by  simple  intergranular  attack  or  pitting. 
The  Kj  would  increase  with  crack  depth,  according  to  Fig.  70,  and  stress-corrosion  crack 
growth  rate  would  increase  with  this  increasing  Kj  level,  according  to  Fig.  28.  Failure  would 
occur  at  a  critical  stress-intensity  value  governed  by  the  details  of  the  specimen  geometry. 


in. 


At  the  lower  stresses,  sa 
deep  is  required  to  attain  a 


y  file  threshold  stress  of  7  ksi.  a  sharp  crack  nearly  0.036 
K|  level  of  3  ksi\/in.  I  or  a  gross  stress  below  the  threshold. 
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_  F  TENSILE  YIELD  STRENGTH 
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|L  SMOOTH-SPECIMEN  THRESHOLD  STRESS 
:  FOR  STRESS-CORROSION  CRACKING 


SCC  SHOULD  NOT  OCCUR  BELOW  ABC  OR  ADE 

DEPENDING  ON  THE  VALUE  CHOSEN  FOR  K, 
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hgure  Suggested  Method  for  Combining  Stress-Corrosion  Data  on  Smooth  and  Pre¬ 

cracked  Specimens  for  Predicting  When  Stress-Corrosion  Cracking  Will  Occur 


( From  Ref  44) 


!  2 1 


<KSIV  IN. 


liiwrc 


■tmoximn  Stress  Intensity  Versus  Crack  Ik-plh  Curves  for  Single-ICIxe  Xnlehnl 
/l  I  "ailed  m  Differenl  Cross  Slress  l.erels  (l-him  Kef.  2") 


I 


say  5  kst,  a  0.050-in.-deep  flaw  is  required  to  achieve  a  K,  level  of  3  ksi  v'TTT  Such  flaw 
depths  are  an  order  of  magnitude  greater  than  those  required  at  the  higher  gross  stresses, 
and  It  can  easily  be  visualized  that  at  some  low  stress  (the  threshold  stress)  the  crack  depth 
required  for  reaching  a  K,  level  where  significant  growth  rates  can  be  achieved  is  so  deep 
that,  in  the  normal  alternate-immersion  test  periods  for  smooth  specimens,  failure  will  not 
occur  m  addition,  at  these  lower  stresses  general  corrosion  or  pitting  corrosion  can  proceed 

“L  Jff  *Uff'"e?‘  blun'  out  any  sharP'  slow-growing  intergranular  crevices,  thus  making 
the  effective  K,  level  even  lower  than  shown  in  Fig.  70.  This  combination  of  events  simply 
prevents  the  crack  from  propagating  a  sufficient  distance  to  cause  failure 


10. 


PROPOSED  USE  OF  DOUBLE  CANTILEVER  BEAM 
SPECIMENS  FOR  TESTING  ALUMINUM  ALLOYS 


Although  plots  of  the  type  shown  in  Figs.  69  and  70  may  be  useful  for  certain  design 
purposes  it  is  more  probable  that  data  from  precracked  specimens  will  find  their  primary 
use  m  rating  and  comparing  alloys  and  heat  treatments.  With  precracked  specimen  data  and 

rated SmTh  tTCIKmen  n3CkrP  ^  the  and  exPerimental  alloys  can  be  more  rapidly 
ed,  so  that  the  best  alloy  for  each  application  can  be  recommended  to  the  designer  It  is 

proposed  here  that  stress-corrosion  crack  growth  rates  at  the  higher  K,  levels  be  used  for  this 

ing  procedure  tor  two  reasons.  First,  these  data  can  be  obtained  rapidly.  Second  there  is 

smc^TTevds  beloaCtUi 3,  ,,SCC  ^  ma"y  °f  the  Strength  aluminum  alloys. 

S  nee  kl  levels  below  which  no  growth  occurred-true  KIscc-have  not  been  found  (Ref  Vt) 


SECTION  VI 


CONCLUSIONS 


1.  Estimated  minimum  mechanical  properties  for  hand  and  die  forgings  of  alloy  21  in  the 
T6  +  35  hr  at  3  25  F  temper  indicate  that  this  material  has  strength  superior  to  that  of 
7075-T73  and  X7080-T7  and  comparable  to  that  of  Kaiser's  new  7049-173  thick- 
section  forging  alloy.  Alloy  2  1  may  have  higher  strength  than  7049-T73  in  thicknesses 
greater  than  5  in.  (f  igs.  53  and  54).  However,  alloy  21  parts  as  heat  treated  for  this 
contract  were  quenched  in  75°F  water,  whereas  similar  7049-T73  and  X7080-T7  forg¬ 
ings  are  quenched  in  I4()°F  and  2  I  2° F  water,  respectively.  Thus,  residual  quenching 
stresses  and  subsequent  distortion  during  machining  would  be  higher  in  alloy  21. 

2.  Neither  alloy  21  nor  7049-1  73  meet  the  recent  contract  goals  fora  minimum  longitudi¬ 
nal  yield  strength  ot  63  ksi  in  an  8-in. -thick  forging.  Adding  b  ksi  to  this  minimum 
strength  gives  a  typical  strength  of  69  ksi.  Rased  on  current  typical  data  for  the  Alcoa 
and  Reynolds  alloys  in  the  Tb  +  18  hr  at  325°F  temper,  the  Alcoa  and  Reynolds  alloys 
could  meet  the  b9-ksi  strength  level  if  quenched  at  rates  greater  than  3°  to  7°F/sec 
(Fig.  68).  Thus,  an  8-in.-diam  forging  could  meet  the  goal  if  quenched  in  water  cooler 
than  about  140°  to  1  70CF.  Ot  course  it  is  not  yet  known  whether  the  stress-corrosion 
goai  tor  the  Alcoa  and  Reynolds  ailoys  can  be  met  in  the  Tb  +  18  hr  at  325°F  temper. 

3.  The  stress-corrosion  threshold  stress  for  short-transverse  smooth  specimens  of  alloy  2 1 
in  the  Tb  +  35  hr  at  325°F  temper  is  greater  than  25  ksi.  The  threshold  stress  in  an 
industrial  environment  is  not  yet  known  and  testing  in  this  environment  will  continue 
until  1973.  It  is  expected  that  a  threshold  stress  of  at  least  25  ksi  can  be  achieved  in 
the  industrial  environment. 

4.  Fatigue  and  fracture  toughness  properties  of  alloy  2  I  are  as  eood  as  those  of  7075-Tb 
7075-T73,  and  7049-T73. 

5.  The  long  aging  time  at  325°F  required  for  alloy  2  I  to  meet  contract  stress-corrosion 
goals  is  the  result  of  replacing  chromium  with  zirconium  and  manganese.  The  compo¬ 
sition  change  lowers  the  rate  ot  aging  in  alloy  21,  requiring  longer  aging  times  to 
achieve  a  stress-corrosion-resistant  temper. 

b.  Use  ot  bolt-loaded, double  cantilever  beam,  stress-corrosion  specimens  in  the  performance 
of  this  contract  enabled  a  heat  treatment  for  alloy  21  to  be  selected  in  a  much  shorter 
time  than  would  have  been  possible  if  only  smooth  specimens  had  been  used.  Based 
on  subsequent  metallographie  examination  of  sectioned  smooth  tension  stress-corrosion 
specimens,  the  heat  treatment  selected  using  OCR  data  appears  to  have  been  a  good 
choice. 
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SECTION  VII 


RECOMMENDATIONS  FOR  FURTHER  WORK 


Continue  the  surveillance  of  stress-corrosion  specimens  in  alternate-immersion  and 
industrial-environment  exposure  tests  to  more  firmly  establish  the  stress-corrosion 
threshold  level  for  smooth  specimens  of  alloy  2 1  in  the  Tt,  +  35  hr  at  325°F  temner 
Only  after  this  threshold  is  firmly  established  and  Alcoa  ana  Reynolds  contract  work 
is  complete  can  the  experimental  ailoys  be  rated  in  relation  to  7049-T73  In  the  mean 
time  a  sample  of  plate  of  alloy  2 1  in  the  T6  +  35  hr  at  325°F  temper  has  been  sent  to 
he  Naval  Air  Development  Center.  Warminster.  Pa.,  for  independent  evaluation  of  short- 
transverse  stress-corrosion  properties.  This  laboratory  is  currently  completing  an 
evaluation  of  7049-T73.  v  15  dn 


The  effects  of  fabrication  variables  (temperature,  deformation, 
properties  of  high-strength  aluminum  alloys  should  be  studied.’ 


etc.)  on  the  mechanical 
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APPENDIX  I 


HAND  FORGINGS 


Hie  hand  forgings  were  processed  from  two  pieces  (13  in.  in  diam  by  5(0  in.  long)  from  ingot  H  5(0  and 
Irom  one  piece  (15  in.  in  diam  by  2d  in.  long)  from  ingot  215(0  according  to  the  following  schedule: 


1.  Heat  to  750°F  and  soak 

2.  Using  10-in.  rolling  dies  in  the  Sack  press,  reduce  to  l()-in.  round  by  length  and  air  cool 

3.  (  ut  a  32-in.  length  of  10-in.  round  piece  from  ingot  21562 
3.  Heat  to  750°F 

5.  Draw  on  flat  dies  to  10  in.  by  X  in.  by  length  (two  pieces) 

6.  Reheat  to  850°F  for  2  hr 

7.  Draw  to  10  in.  by  6  in.  by  length  (two  pieces) 

«.  Etch  in  NaOIJ 

The  two  pieces  from  ingol  215(0  were  numbered  251  (,nd  252.  The  single  piece  from  ineo,  2l5„(wes 
numbered  3.*i3. 
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Table  22— Continued 


LANDING  GEAR  DIE  FORGINGS 

The  material  for  landing  gear  die  forgings  was  cut  from  one  piece  (10  in.  in  diam  by  66  in.  long)  from  ingot 
21562  and  from  one  piece  (10  in.  in  diam  by  23  in.  long)  from  ingot  21563  after  step  2  in  the  processing 
of  hand  forgings.  It  was  processed  according  to  the  following  schedule: 

1.  Heat  to  750°F 

2.  Draw  in  6.75-in.  rolling  dies  to  6.75-in.  in  diam  by  length 

3.  Cut  two  pieces  6.75-in.  in  diain  by  38  in.  from  piece  from  ingot  21562 

4.  Cut  one  piece  6.75  in.  in  diam  by  38  in.  from  piece  from  ingot  21563 

5.  Heat  to  750° F 

6.  Upset  one  end  of  each  piece  to  partially  form  arms  33  in.  long 

7.  Heat  to  820°F 

8.  Forge  in  finish  dies  in  35,000-ton  press 
h.  Etch  and  grind 

10.  Heat  to  820°F 

1 1 .  Upset  from  barrel  end  to  fill  parts  and  form  center  boss  in  35,000-ton  press 

12.  Etch  and  ship 

The  two  pieces  from  ingot  21562  were  numbered  271  and  272.  The  single  piece  from  ingot  21563  was 
numbered  373. 
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Table  25.  Short-Transverse  Mechanical  Properties  of  Alloy  21  after 
Overaging  to  an  Electrical  Conductivity  of  38%  I  ACS 


Specimen 

no. 

Quench  condition 
and 

blank  size 

Quench 

rate 

(  F/sec) 

Room- 

temp 

delay 

Aging 

treatment3 

Ftu 

(ksi) 

F.y 

(ksi) 

Elongation 
(%  in  1  in.) 

RA 

(%) 

la 

t 

m 

n 

1  hr 

- 

70.8 

wmm 

6.2 

6.0 

lb 

1 

■ 

1  hr 

70.2 

Kim 

6.6 

8.2 

2a 

2 1  2UF 

■ 

■ 

8  hr 

70.0 

60.6 

4.5 

6.7 

2b 

Water  quench 

1 

8  hr 

68.9 

60.5 

4.3 

4.3 

3a 

(3- x  2-1/2- x 

1 

V 

5  days 

69.5 

60.5 

5.5 

7.6 

3b 

1-1  /4  blanks) 

:■ 

5  days 

24  hr  at  25(fF 

69.6 

60.3 

5.2 

5.2 

4a 

1 

1 1  days 

68.9 

60.3 

5.7 

5.8 

4b 

T 

m 

1 

1 1  days 

36  hr  at  320°F 

69.2 

60.3 

5.1 

7.6 

13a 

f 

1  hr 

-t- 

59.6 

4.7 

7.4 

13b 

1 

1  hr 

10  hr  at  325”F 

59.5 

5.8 

5.4 

14a 

I64°F 

8  hr 

59.7 

4.7 

7.6 

14b 

Water  quench 

36 

8  hr 

68.9 

59.6 

5.2 

6.6 

15a 

( 3-  x  2-1/2-  x 

68.2 

59.3 

5.4 

8.6 

15b 

1  - 1  /4-in.  blanks) 

5  days 

66.9 

59.3 

3.8 

4.5 

1  ba 

DEC 

70.6 

61.5 

5.1 

5.7 

16b 

1 

nn 

69.1 

60.6 

5.5 

m 

58 

j 

1  hr 

1 

72.9 

68.8 

8.9 

13.7 

56 

1 

1  hr 

24  hr  at  250°F 

72.6 

62.7 

8.8 

14.4 

75 

I40°F 

8  hr 

+ 

73.3 

63.1 

9.0 

17.8 

76 

Water  quench 

8  hr 

36  hr  at  320PF 

72.8 

62.8 

9.9 

18.7 

62 

(3- x  5/8- x 

l«U 

5  days 

+ 

73.0 

62.8 

8.9 

16.7 

63 

5/8-in.  blanks) 

5  days 

18  hr  at  325°F 

68.2 

62.5 

— 

103 

1 

1 

73.0 

62.9 

10.6 

18.4 

104 

1 

1 1  days 

J 

72.9 

63.2 

9.9 

15.4 

a All  blanks  were  machined  from  3-in.-thick  plate. 


Tabic  26.  Phase  II  Short-Transverse  Mechanical  Property  and  Electrical  Conductivity  Data 


APPENDIX  II 


PHASE  II  MECHANICAL  PROPERTY,  STRESS-CORROSION,  AND  CORROSION  DATA 
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Tabic  2b.  Continued 
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Table  27. 


Phase  II  Stress-Corrosion  Test  Results  for  Material 
(100  T /See)  (3.5%  NaCl  Alternate  Immersion) 


Quenched  in  140°F  Water 


Heat  treatment 

Speci¬ 

men 

no. 

Sustained 

stress 

(ksi) 

Days  to 
failure 

Residual 

ultimate 

stress 

(ksi) 

T6  (24  hr  at  250°  F) 

5D 

i 

5 

T6+  10  hr  at  325°F 

7D 

| 

2.5 

T6  +  20  hr  at  325°F 

9D 

>0 

5.5 

T6  +  30  hr  at  325  °F 

1  ID 

19.5 

T6  +  40  hr  at  325°F 

I7D 

42 

T6  +  50  lira!  325°F 

I9D 

70  -► 

56 

T6 

6B 

12.5 

T6  +  10  hr  at  325°F 

8B 

2.5 

T6  +  20  hr  at  325  °F 

I0B 

26.5 

T6  +  20  hr  at  325°F 

9B 

24.5 

T6  +  30  hr  at  325 °F 

I2B 

35 

90  -► 

44.8 

T6  +  30  hr  at  325°F 

1  IB 

54 

T6  +  40  hr  at  325°F 

I8B 

90  -► 

44.0 

T6  +  40  hr  at  325 °F 

I7B 

96 

T6  +  50  hr  at  325 °F 

20BJ 

90  -► 

T6  +  20  hr  at  325 °F 

IOC 

\ 

90  -► 

T6  +  30  hr  at  325° F 

l2Ca 

90  -► 

T6  +  30  hr  at  325°F 

I2A 

25 

90  -► 

T6  +  40  hr  at  325 °F 

I8C 

90  -► 

T6  +  40  hr  at  325 °F 

I8A 

90 

60.8 

T6  +  12  hr  at  350°F 

24B 

90  -► 

49.4 

T6  +  20  hr  at  350° F 

26B 

35 

90  -► 

41.5 

T6  +  25  lira!  350° F 

28  B 

♦ 

31  — 

64.9 

Residual 

elong. 

(%  in  I  in.) 


Comments 


0 

0 


0 

0 

0 

4.0 


Sectioned 

Sectioned 

Sectioned 


Sect  ioned 

Sectioned 

Sectioned 

Sectioned 

Sectioned 

Sectioned 


Sectioned 


‘Specimen  broke  when  removed  from  stress-corrosion  fixture. 
Denotes  no  failure  after  days  indicated. 
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Table  2S, 


Phase  II  Stress-Corrosion  Test  Results  for  Material  Quern  lietl  in  2!  2° T  Water 
(0  T  See)  (3.5ri  XaCl .  1 1  female  Immersion) 


Ileal  t re:il rncnl 


P6(24  hr  at  250° F) 
To  1  !()  lira!  .125° F 
TO  +  20  In  at  325 °F 
16  +  30  In  at  325°F 
16  +  40  hr  at  325°F 
T6  +  50  lira!  325°  F 
To 

To  +  10  hr  al  325 °F 
l('  +  20  In  a l  325 °F 
To  +  20  In  al  325°F 
TO +  30  lira!  325  °F 
ro  +  30  In  al  325 °F 
TO +  40  In  al  325  °F 
TO +  40  In  at  325 °F 
T0  +  50  In  at  325 °F 
TO  +  20  hr  a l 325 °F 
T0  +  30  hr  a l  325 °F 
TO  +  30  hr  a  I  325  °F 
TO  +  40  In  al  325°F 
TO  +  40  hr  al  325°F 
TO  +  I  2  hr  at  350° F 
TO  +  20  hr  al  350°F 
10  +  25  hr  a  I  350°  F 


Sped- 

Sustained 

1 — - - 

Residual 

Residual 

men 

stress 

Days  to 

ultimate 

elongation 

Comments 

no. 

(ksi) 

tail  u  re 

si  i  ess 

t  m  1  in. ) 

(ksi) 

i 

0.9 

2.5 

- 

3 

■ 

18.5 

39  D 

19 

42A 

20.5 

32  B 

0.7 

Sectioned 

34  B 

19.5 

Sect  ioned 

30  B 

20.5 

Sectioned 

35  B 

20.5 

38  B 

3 

5 

38 

Sect  toned 

37  B 

72 

40  B 

35 

Sect  ioned 

39  B 

54 

42  B 

38 

Sectioned 

36C 

| 

70 

Sectioned 

38C 

1 

00 

Sect  ioned 

38  A 

■) 

5 

01 

40C 

1 

72 

40  A 

I 

09 

Sectioned 

40  B 

1 

38 

I 

48  B 

35 

48 

50B 

* 

31 

51.7 

0 

a 


Denotes  no  failure  after  days  indicated 


Table  29.  Residual  Strength  Data  for  Unstressed  Corrosion  Specimen 
(3.5%  NaCl  Alternate  Immersion) 


Meat  treatment 

Speci¬ 

men 

no. 

Exposure 

(days) 

Residual 

ultimate 

stress 

(ksi) 

Residual 
elongation 
(%  in  1  in.) 

I40°F  water  quench 

T6  (24  hr  at  250°F) 

6D 

12.5 

63.9 

0 

T6  +  10  hr  at  325° F 

8D 

2.5 

06.1 

1.0 

T6  r  20  hr  at  325° F 

I0D 

26.5 

69.2 

3.0 

T6  +  30  hr  at  325°F 

I2D 

90 

67.9 

4.0 

T6  +  40  hr  at  325° F 

I8D 

90 

5.0 

T6  +  50  lira!  325°  F 

20D 

90 

66.2 

6.5 

T6+  12  hr  at  350° F 

24D 

90 

68.1 

4.0 

T6+  20  hr  at  350°F 

26D 

90 

65.2 

6.5 

T6  +  25  hr  at  350° F 

28  D 

31 

66.5 

5.5 

2 1  2°F  water  quench 

T6(24  hr  at  250°F) 

32D 

0.7 

75.7 

3.0 

T6  +  10  hr  at  325°F 

34  D 

19.5 

04.7 

<1.0 

T6  +  20  hr  at  325° F 

30D 

26.5 

67.1 

2.0 

T6  +  30  hr  at  325 °F 

38  D 

38 

00.3 

3.0 

TOE  40  hr  at  325°  F 

35 

62.9 

4.0 

T6  +  50  hr  at  325 °F 

42D 

38 

59.2 

2.0 

TO  +  12  hr  at  350°F 

40D 

38 

63.9 

4.0 

T0  +  20  hr  at  350°F 

48D 

48 

55.5 

2.0 

TO  +  25  hr  at  350°F 

50D 

31 

58.7 

1.0 

a An  unstressed  specimen  for  each  heat  treatment  and  quench  rate  was 
removed  from  test  at  t lie  time  of  failure  of  the  corresponding  specimen 
stressed  to  35  ksi. 


141 


APPENDIX  III 


TEST  SPECIMEN  CONFIGURATIONS  AND  PHASE  III  MECHANICAL, 
FRACTURE,  AND  FATIGUE  DATA 


SYM 


Figure  71.  Configuration  of  Tension  and  Deadweight  Loaded  Stress-Corrosion  Specimens. 
Surface  Finish  for  Tension  Specimens  Was  RMS  32  and  for  Stress-Corrosion 
Specimens,  RMS  16. 


£  SYM 


Figure  72.  Configuration  of  Tension  Specimens  from  Angular  Extrusions 
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ENDS  TO  BE  PARALLEL  TO  WITHIN 
0.00025  TOTAL  INDICATED  READING 

/  ignre  (  oppression  Specimen 


Figure  74.  Shear  Specimen 
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« 


D 

Hole  diam 

E 

Edge  margin 

K 

Hole  diam 

M 

Edge  margin 

E/D 

0,323 

0,485 

0.359 

0.720 

1.5 

0.323 

0.650 

0.359 

0.720 

2.0 

Figure  75.  Bearing  Specimen 
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Y  KjBW^/6Ma  "  AQ  +  A^a/W)  +  A2(a/W)2  +  A3(a/W)3  +  A4(aA/V)4 

Three-point  ^0 _ _ ^2 _ ^3  ^4 

SaV  4  +1-93  -3T)7  +14.53  ^Tm  +25.80 


I'igun  "(). 


\< >h '/u'il  Haul  Fracture  roughness  Specimen  and  A 


ssoeiated  Formula  (Ref.  dft) 


145 


f'igure  77.  Smooth  Axial  Fatigue  Specimen 


SYM 


0.012 


60°/^ 
R— '  DFT  A 


DETAIL 


Figure  7S.  Notched  Axial  Fatigue  Specimen  (K,  =  d.  0) 
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Hillin'  7{).  Handle  Tuning-Fork -Type  Stress-Corrosion  Specimen  (Ref.  45  ) 


Figure  SO.  Tension  Stress-Corrosion  Specimen  for  Use  in  Stressing  Frame 
Shown  in  Figure  65. 


148 


DIMENSIONS  IN  INCHES 


Figure  SI.  Exfoliation  Corrosion  Specimen 


Table  41.  Tension  Results  for  4-  by  (t-  by  My-ln.  Xaviijo  Die  Torn  inf’s 


151 


Corresponding  superscript  numbers  denote  that  specimens  were  taken  from  identical  locations  in  forgings. 
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Table  34.  Tension  Results  for  Extrusions 
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Corresponding  superscript  numbers  denote  that  specimens  were  taken  from  identical  locations  in  forging. 


Table  3b.  Compression  Results  for  b-  by  10-  by  33-In.  Hand  T\ 
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Idhlv  55.  Shear  Results  (hr  h.  75-In. -Diam  by  55-In.  Landing  Hear  and  5-  by  u-  h\  'e-ln.  \\n  iju  Die  I  hryin^s 


I  58 


Corresponding  superscript  numbers  denote  that  specimens  were  l  iken  horn  identical  locations  m  b  reii 


Tahle  4(1  during  Results  for  6.  7S-ln.-/)uun  by  lj-/n.  Landing  (rear  Die  Forei 
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Fable  44.  Smooth  .  1  xial  (Tension-Tension)  Fatigue  Results  Jor  o.  75-In. -l)iani  Landing 
dear  Die  Forging 


Specimen 

no. 

Ingot  no. 

Thickness  ( in 

) 

Grain 

direction 

Maximum 

stress 

(ksi) 

Stress 

ratio, 

R 

Number  of  cycles 
to  failure11 

As- 

fabricated 

As-heat- 

treated 

m 

II 

2.065,000  NF 

mm 

50 

8.05  1 ,000  NF 

1 17 

I 

1 

■ 

2.508.000 

1  (V) 

1 

|B 

■ 

1 

2.545,000  NF 

171 

40 

■ 

■ 

1,914,000 

174 

m 

a 

2.495.000 

21562 

6.75 

6.75 

1 

1 

170 

I 

■ 

m 

2  1 ,000 

178 

5 

■ 

■ 

46.000 

179 

I 

1 

■ 

62.000 

ST 

1 

1 

m 

175 

9 

■ 

77.000 

177 

40 

■ 

1 

1 .784,000 

180 

1 

■ 

1 

279.000 

aNF  denotes  no  failure. 
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Table  46.  Notched  Axial  (Tension-Tension)  Fatigue  Results  for  6-  by  10-  by  45-In. 
Hand  Forging 


Specimen 

no. 


Ingot 

no. 


Thickness  (in.) 


As¬ 
ia  bi  icated 


As-liea t-  Grain 
treated  direction 


Maximum 
st  ress 
(ksi) 


Stress 

ratio 

R 


Theoretical 

stress 

concentration 

factor, 

X. 


Number 
of  cycles 
to  failure11 


205 
211 
2 12 

205 

213 

206 
207 
200 
2  i  0 

214 

217 

218 
221 

215 
220 

216 
219 
•m 

225 

230 
229 

226 

231 
228 

223 
227 

224 
240 

236 

238 

237 

239 

234 

232 

233 

235 


21562 


ST 


1 


ST 


f 

25 

t 

t 

20 

1 

t 

10 

* 

t 

20 

* 

* 

15 


10 


I 

20 


♦ 

10 

♦ 

t 

20 

t 


15 


10 

\ 


3.0 


49,000 
57,000 
70.000 
103,000 
78,000 
96.000 
1,062,000  NF 
1,323,000  NF 
1 ,000,000  NF 
7 1 ,000 
39,000 
5  1 ,000 
1 ,386,000 
4,183,000  NF 
2,392,000  NF 
314,000 
1,026,000  NF 
653,000 

50,000 
63,000 
56,000 
63,000 
7 1 .000 
255,000 
663,000 
.702,000  NF 
805,000 
76,000 
106,000 
89.000 
.009.000  NF 
35  1 .000 
193.000 
6,734,000  NF 
999.000  NF  | 
1.070.000  NF 


NF  denotes  no  failure. 
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